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ABSTRACT
The relationships between earthworm populations, soil aggregate stability and soil organic
matter dynamics were studied at an experimental farm in The Netherlands.
Arable land ingeneral isnotfavourable for earthworm growth. IntheLovinkhoeve fields
under conventional management earthworm populations were brought to the verge of
extinction in a few years. Main causes are soil fumigation against nematodes and
unfavourable food conditions. Organic matterinputs andN-contents oftheorganic materials
are important aspects of food availability of earthworms, but also bacterial and protozoan
biomass play a role. Natural stress, such as summer drought and winter frost, adds to the
effects of management. Organic management with reduced pesticide use, however, strongly
stimulates population development. Colonisation, especially stimulated in the presence of
passive transport mechanisms can help population built up. Population parameters and
growth conditions at the invaded plots further influence the speed of colonisation.
Correlation studies, combined with results of manipulation experiments show that
earthworms increase resistance against slaking of field macro-aggregates. Fresh earthworm
casts are very unstable, but their stability increases during ageing by several mechanisms.
Drying makes casts muchmore stable than drieduningested field aggregates. Under specific
conditions, fungal growth on the surface may stabilise wet casts, but the rearrangement of
clay around particulate organic material seems to be the most important process for
development of stability during ageing.Microbial activity either inthegutorafter excretion
may play an indirect role in connecting the organic material and the clay.
The organic matter included in stable aggregates formed under the influence of
earthworms is much better protected against microbial breakdown during the lifetime of
these aggregates than organic matter in stable aggregates formed by other mechanisms. In
the presence of earthworms, stable aggregates are either formed at a higher rate or break
down atalower rate.Also, earthworm activity can leadtoincreased organic matter contents
of macro-aggregates. Earthworm activity consequently leads to a concentration of organic
matter in the larger aggregate fraction and to ahigher organic matter retention capacity of
the soil. Grinding soil to fragments smaller than 2 mm, as is often done in standard
procedures, will strongly influence organic matter breakdown inincubation experiments in
samples from soils with high earthworm activity. Therfore, these standard preteatment
methods are unsuitable for fractionation and decomposition studies.
PhDThesis. Department of Soil Science andGeology, Wageningen Agricultural University,
PO Box 37, 6700 AA Wageningen, The Netherlands
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Stellingen
1

Het malen van grond maggeen standaardprocedure zijn bij decompositie-onderzoek.
Ditproefschrift

2

Regenwormen kunnen in de huidige Nederlandse akkerbouw de ploeg niet
vervangen, wel aanvullen.
Ditproefschrift

Grondontsmetting tegen aaltjes met 1,3-dichloorpropeen dient, gezien de zeer
nadelige invloed op het overige bodemleven, alleen in uiterste noodzaak te worden
toegepast.
Ditproefschrift;
Special issueofAgriculture, Ecosystemsand Environment51 (1994):Soil ecology of conventional and
integratedarablefarming systems

4

Voor het onderzoek naar ontwikkeling van aggregaatstabiliteit onder verschillende
condities is verregaande standaardisatie van methoden ongewenst.
Ditproefschrift

5

Het is lonend om akkers regenworm-vriendelijk te beheren.
Ditproefschrift

6

Regenwormen vormen een belangrijke bedreiging van het archeologisch erfgoed in
de bodem.

Het wegblazen van dood blad uit plantsoenen en parkjes is niet alleen een
energieverslindend en lawaaig karwei, maar getuigt ook van weinig inzicht in
natuurlijke kringloopprocessen.

8

In het pleidooi van de "School van De Wit" tot intensivering van landbouw uit het
oogpunt van zuinig gebruik van hulpbronnen wordt de daarmee gepaard gaande
locale vervuiling ten onrechte als een detailprobleem gezien.
CT de Wit, Agricultural Systems 40 (1992) 125-151

Het is zorgwekkend dat zelfs de Landbouwuniversiteit van Wageningen niet de
breedte van het gebied onderkent, omvat door de term 'landbouw', gezien het plan
die term uit haar naam te verwijderen.

10

De verkaveling van het onderzoek volgens de huidige vakgroepen- en clusterindeling van de LUW verkleint in hoge mate de kans op de integratie van
ecologische kennis in de landbouwwetenschappen, wat een voorwaarde is voor de
ontwikkeling van milieuvriendelijke landbouwmethoden.

11

De bewering dat voor de gezonde ontwikkeling van een kind de invloed van de
moeder allesbepalend is, is niet op verantwoorde wijze op wetenschappelijk
onderzoek gebaseerd.
JC van Noordwijk-van Veen,BioNieuws 20,december1994

12

Ouders zouden gebaat zijn bij een gemakkelijke methode om de biologische klok
van kleine kinderen een beetje bij te stellen.

13

Onder invloed van demoderne menswordt niet alleen decultuur genivelleerd, maar,
via erosie, ook de aardkorst zelf.

14

Het feit dat liefde een schaars goed isvormt degrootste bedreiging van envoor een
individualistische maatschappij.
MiloAnstadt, NRC-handehblad23-1-1995

15

Geld maakt meer kapot dan ons lief is.

Stellingen behorend bij het proefschrift "Earthworms, soil-aggregates and organic matter
decomposition in agro-ecosystems in The Netherlands".
JCY Marinissen, Wageningen, 20 februari 1995.
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"It is amarvellous reflection
that the whole of the superficial mould has passed,
and will again pass, every fewyears
throughthebodiesof worms.
The ploughis one of themost ancient
and mostvaluableof man's inventions;
but long before heexisted
the landwas in fact regularly ploughed
andstill continuesto be thus ploughed
by earthworms."
Darwin, 1881

Kaft: Oude gravure die al vele malen eerder gereproduceerd is.
De oorsprong is mij onbekend, maar er zijn aanwijzingen
die in de richting van Laurence Sterne (1713-1768) wijzen

^
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General introduction
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Chapter1

Introduction
The aim of the work reported in this thesis is to evaluate the importance of earthworm
activity for the functioning of arable soils, in order to assess its possible contribution to
sustainable agricultural management. Earthworm activity forms an important part of soil
biological processes in sustainable agriculture. Before sketching their role in agriculture, I
will present my view on 'sustainable agriculture'. The role of earthworms in agricultural
systems will then be discussed with special emphasis on their biology and their influences
onsoil structure ingeneral andon aggregate stability inparticular. Theresearch programme
that this work was part of is subsequently described in more detail. This chapter ends with
a general outline of the thesis.

Sustainable agriculture
Problems related to modern agriculture
In The Netherlands, agricultural production is high. The country has taken advantage of
the 30 years of EU-policy that was aimed at increasing food security at low costs and to
guarantee a fair income to farmers by price supports (De Wit 1988). Agricultural research
too has long been aimed at maximizing production. In the high intensity agriculture, yield
risks are prevented by high inputs. However, the public at large becomes more and more
aware of the increasing environmental problems of this approach. Nutrients leak from soils
into ground- and surface-water, causing health problems and affecting the natural flora and
fauna. Biocides have already been found indrinking water, and antibiotics inmanure affect
soil microbes. Large scale farming includes structural changes of waterways, increased
drainage, removal of line shaped landscape elements and levelling of natural differences in
elevation, which all contributes to loss of cherished historical landscapes (De Wit 1988).
The EU-policy has led to overproduction and high costs.
A discussion scheme
Discussions about sustainability of agriculture generally lack a theoretical framework
from which criteria for the maximally tolerable amount of interference between agricultural
areas and areas outside agriculture can be derived. Odum's (1971) suggestion to combine
the opposing commands of agriculture on one hand and nature and the environment on the
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other by spatial segregation of
functional compartments is still very
Protective
helpful. His concept, which was
(mature systems)
designed at a global scale, is
\
environment
presented in Fig. 1.1. Citing Odum:
/ /
\ \
/ /
"Knowing the transfer coefficients
Productive
Compromise
that define the flow of energy and
(growthsystems)
(multiple-use systems)
the movement of material and
environment
environment
organisms between compartments, it
\ \
//
should be possible to determine
Urban-industrial
rational limits for the size and
(nonvitalsystems)
capacity of each compartment". It
\
environment
will benecessary to adapt thismodel
to different scales of time and space,
Fig. 1.1 Compartment model of the basic kinds
depending on the questions dealt
environment requiredby man.From Odum(1971)
with. Decisions of minimal size and
capacity of the compartments, and even of the type of compartments wewant to select will
remain political, but the framework will be a great help in the decision process. The fact
that nature compartments can be affected by activities in production compartments, may
limit the production intensity level acceptable in the latter.

ƒ

Lessons from ecology
In natural ecosystems nutrient losses and pest impacts are reduced by the presence of
complex food webs in a diversity of habitats. A food web consists of two subsystems that
form two alternative pathways for energy flow and that are linked via the detritus: a
pathway based onherbivorous consumption andadecomposition pathway. Interrelationships
within food webs check the growth of populations of single potentially harmful species.
However, pests cannever beexcluded, onlybalanced. Indecomposer food webs the cycling
of nutrients is modulated to the effect that losses are minimized.
To reduce environmental risks, agriculture could aim at following general ecological
principles, to prevent diseases and nutrient losses, and/or apply specific biological
techniques, such asbiological controlofpests.Agriculture involves many disturbances, and,
as Odum stated already in 1971, agriculture is principally opposed to nature. However,
agricultural systems could resemble 'eternally young' ecosystems, like tidal areas and
savannas, that are governed by disturbances from outside. The recurrent disturbances
prevent the ecosystems to develop into higher successional states. However, in 'eternally
young' ecosystems all organisms are adapted to these disturbances, so still equilibrium on
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Chapter1
a larger scale of time and space exists. It will be difficult to reach such equilibrium with
planned and unplanned species in 'designed' agricultural systems on economically
acceptable scales oftime and space. However, small adjustments, such as introducing more
spatial variability, e.g. by creating hedgerows, woodlots and wetlands may exert arelatively
large stabilising influence on potentially harmful species in agricultural systems. The
presence of hedgerows increased the number of bird and arthropod species (Mader 1988).
Such small reserves could be a refugium and reinoculation source for species that cannot
survive in the fields themselves, but can exert their influence in the fields from outside.
Furthermore, hedgerows could serve aslinkbetween animal- andplantpopulations innature
reserves surrounding the agricultural areas. Mader did not give information on potentially
harmful species living in hedgerows.
Implications and limitations of agriculturebased on ecologicalprinciples
Agriculture based onecological principles restricts many ofthe aims setin contemporary
intensive production. The biological regulatory system needs "fuel" in the form of organic
matter inputs. So, part of the crop must be 'sacrificed' to sustain a wide and complex
herbivorous based food web that can balance pests. For the decomposer food web, inputs
of dead organic matter should be high enough to sustain a biomass of decomposers, that
can tighten nutrient cycling. The investments in foodwebs cost energy that is not directed
toharvestable production. Therefore, inagricultural systems thatutilisebiological processes
toregulate nutrient supply and to depress pests and diseases, net yields willbeby definition
lower than yields in technological agriculture at comparable levels of input.
Contemporary agriculture can be defined as 'technological'-oriented: the processes that
in nature are exerted by biological agents are replaced by technical impacts. Problems that
evolve can often not easily be solved with biological processes, and, hence, lead to more
technological disturbances. These in their turn may harm the biological structure so much
that new problems arise etc. Even in more biologically based agriculture technological
disturbances cannot be avoided, however, because labour inputwill always be restricted by
economic constraints. It will be a challenge to develop technologies that do as little harm
to the biological functioning and potential of the system as possible.
Thebiological reactions following disturbances formed bynecessary agricultural practice
are complex, and depend partly on environmental circumstances, such as weather. This
requires of farmers much more, but especially differently oriented knowledge than in
contemporary agriculture.
This thesis aims atproviding part of this knowledge. In thisthesis, earthworms are seen as
an important part of the agricultural food webs. Implications of agricultural management
for their populations are taken into consideration. Furthermore, the important implications
of earthworm activity on soil structure and soil organic matter dynamics are depicted.
13
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The role of earthworms in the soil ecosystem
Earthworms as a group perform different functions in ecosystems. Earthworms (1) are part
of the decomposer food web, (2) strongly influence soil structure and (3) influence organic
matter dynamics both directly (via the food web) and indirectly (via the soil structure).
However, not all species affect all aspects mentioned in the same way or to the same
degree. Generally, for temperate areas, three ecological types of earthworms can be
distinguished. The first group, the epigeics, are not real soil inhabitants, they live in
concentrations of organic material, such as litter layers, woodlogs, compost heaps. The two
types that influence the soil system most are the endogeics and anecics. Endogeics live in
the soil, their food consists of more or less decomposed organic material, depending on
species. To feed, they eat themselves through the soil. Some species can also sample food
from the surface. Anecic species are the largest species. They sample their food at the soil
surface, and live in deep, vertical, permanent burrows.
Earthwormecology
Knowledge ofthepopulation ecology of earthworms isindispensable for quantifying the
role of earthworms in the functioning of soil ecosystems. Furthermore, it may enable us to
influence their activity. Which factors influence their life, how quickly does the population
respond to various disturbances, what is regulating their numbers? "
Earthworms are sensitive to the factors soil temperature, humidity, aeration/drainage
status, clay percentage, organic matter content and pH (Diaz Cosin et al. 1994). Optimum
temperature levels are 15-18°Cfor most species in The Netherlands (Evans and McLGuild
1948). Earthworms are affected by poor soil drainage, butuntil nowno general quantitative
relationships between soil water status and earthworm growth is known. Silty clay loam
textures are generally optimal for earthworms (Gerard 1967). Soils which are high in
organic matter because of high inputs of well palatable organic litter are favoured by
earthworms. Palatability is probably the main factor through which crop type influences
earthworm populations (Fayolle et al. 1994; Westeraacher and Graff 1987), in addition to
effects of crop type on the physical environment.
In the relatively young polders in The Netherlands, colonisation is still an important
aspect of thepopulation dynamics. Colonisation isnotonly important inyoung polder soils,
however. Where earthworms have disappeared because ofmanagement, orwherethey have
never developed because of adverse conditions (too wet, too little organic matter),
earthworms may (re-)colonise the soil if management or conditions change. E.g. in the
province of Limburg, the economic viability of a plan to combine badger activity and
quarrying of sand and pebbles by area compartmentalisation depended on the colonisation
speed ofL. terrestris(thebadgers' mainfood source) intothe restored land. Not much data
14
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on colonisation of this species are known, butunfortunately, this is the most slow coloniser
of the earthworms of The Netherlands. More research is needed before plans like this can
be executed.
Earthworms aspart of thefood web
Earthworm biomass can makeup alarge part ofthetotal decomposer food web biomass,
thereby representing a large pool ofnutrients (Marinissen and DeRuiter 1993). They form
a link between the decomposer food web and the above-ground food web, because they are
an important food source for many birds and small mammals. Earthworms consume large
amounts of both soil and dead plant remains. Most species preferentially ingest finer
fractions of the soil rich in organic matter together with particulate organic matter (Piearce
1978). By this, particle size of dead plant remains is reduced, so that more of the material
becomes available to smaller primary decomposers. Earthworms are not purely primary
decomposers: microbes andprotozoa form animportant part oftheir diet (Miles 1963). The
contribution of earthworms to total C-respiration can be high, especially when the indirect
effects on microbes are taken into account: up to 440 kg Cha"1year'1 (Marinissen and De
Ruiter 1993). The N-flux through earthworm activity has been estimated by different
authors. Parmelee and Crossley (1988) reported a flux of 60 kg N/ha/yr, which represents
as much as five times the standing stock ofN present inthe soil. Marinissen and De Ruiter
(1993) estimated N-mineralisation by earthworms in arable soil to vary between 5 and 30
kg N/ha/yr, or 3-20% of the total N-mineralisation measured in the field. Hameed et al.
(1994) found very rapid transfer of N excreted by earthworms to plants: within 48 days
80% of ingested 15Nwas excreted again, and 24%was taken up by plants (15°C, field and
lab).
Earthworm influence on soil structure and organic matter dynamics
Earthworms contribute tosoil structure formation indifferent ways. Ontheonehand they
form channels, that connect the surface to deeper soil layers, onthe other hand their casting
activity leads to the formation of crumby, aggregated soil structure. By channel formation
the total porosity canbe increased, and the relative amount of macropores is enlarged. Pore
systems formed by earthworms in different tilled systems have been studied extensively by
Ehlers (1975), Edwards (1975) and Edwards et al. (1990). Channels influence the aeration
status of the soil also in a wet state (Marinissen, unpubl). Channels that are open to the
surface facilitate the entrance of small structure-following animals into the soil (Malinda
et al, cited by Oades 1993, Marinissen and Bok 1988). The channels may function as
drainage ducts during rain storms (Edwards et al. 1989; Bouma 1981,Bouma et al. 1982).
This may lead to N-losses from surface applied fertiliser. However, N present through
mineralisation inthe soil matrix is conserved bythe presence of channels because thewater
15

Introduction
front by-passes the matrix (Elliott and Coleman 1988; Ernst and Tolsma 1989; Sollins
1989). According to Munyankusi et al. (1994) the effect of channels is often overrated,
because they easily get clogged at the soil surface. Trampling by cattle indeed destroyed
channels in the surface soils (Ligthart et al. in press) but inhabited channels will be soon
be reopened by the worm living in it.
The soil structure created under well drained conditions by earthworms is characterised
by rounded aggregates with heterogeneous compound packing voids between them
(Marinissen and Bok 1988).Aggregated soils have ahigher percentage ofmacro-pores and,
possibly, a favourable balance between water- and air-filled pores for root growth and
microbial activity. In the presence of earthworms more stable soil aggregates are present
than without them (a.o. Ketterings et al. in press). Willems et al. (1993) found that in
undisturbed field soil structure, that was at least partly induced by earthworm activity,
N-mineralisation was stimulated more than in sieved soil.
The dynamics of organic matter is influenced by earthworms both through their feeding
activities and through their influence on soil structure. Within the food web earthworms
consume andpartly digestorganic material, anddirectly stimulate microbial activity bytheir
grazing. The aggregated soil structure created by earthworms offers better conditions for
aerobic decomposition (Hoeksema and Jongerius 1959). The limited available evidence
(Marinissen and Kroesbergen, unpubl results; Joschko etal. 1989) indicates that earthworm
casts of temperate area species have higher porosity thanfieldaggregates. Casts from some
tropical species have been reported to be much more compact, or even coated with a crust
(Blanchart etal. 1993),thatmayexplainreduced decomposition inthesecasts. Furthermore,
earthworms translocate and fragment plant litter. The retranslocation of part of the organic
material into (stable) aggregates might considerably influence organic matter dynamics
(Ladd et al. 1993), as will be described in part of this thesis.
Aggregate stability
In this thesis the main aspect of the effects of earthworms on soil structure studied is
aggregate stability. Earthworm influence onformation and stability of aggregates is a little
studied field, while other aspects ofthe influence of earthworms onsoil structure have been
treated extensively by other authors. Another important reason to study aggregates is that
soil aggregates directly link soil structure and organic matter dynamics.
Aggregate stability isnotasimple, easily defined characteristic ofthesoil. Itcan be defined
as the resistance to a certain type of disturbance. The type of binding agents needed for
resistance against specific stresses may vary with the type of disturbance applied. It
logically follows that aggregate stability against different treatments can be very variable:
the order in which aggregates from differently treated fields are resistant to mechanical
16
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loads can be quite different from that involving resistance against rapid wetting. Together
with different types of stability, different classes of methods can be used to measure
aggregate stability: breaking force measurements (Dexter et al. 1984), deformation
depending on water status (Atterberg 1910), resistance against quick wetting (Loch and
Smith 1986), strength against sieving in a wet state (Beare et al. 1994b), or combinations
of the latter two disturbances (Elliott 1986), or resistance against dispersion of clay, either
in salt solutions (Dettman and Emerson 1959), or water (Pojasok and Kay 1990).
Differences in pretreatment and procedures used will influence the outcome of the
measurements. A comparison of the different types of measurements is outside the scope
of this thesis, and good reviews (Matkin and Smart 1987; Molope et al. 1985b) and
comparative studies (Beare and Bruce 1993) are available.
The many different types of stability and methods to quantify it, make it difficult to
compare results from different studies. However, it would not be wise to strive for one
uniform method, because no single method fits all soils and answers all questions. E.g., the
strength exerted onthe aggregate during wetsieving depends onthe combination of sieving
time, frequency and amplitude. Standardisation would reduce the range of applicability of
such a method. A 'harsh' method may lead to 0% stability in unstable soils, which,
however, may differ in stability when sieved in a more gentle way. On the other hand,
gentle sieving may lead to 100% stability in more stable soils without revealing possible
differences. Asnone ofthestability measurements isdirectly related toreal-field situations,
trends and differences between treatments are more important than the actual values
measured. Boersma and Kooistra (1994) found greater internal transport of clay in soils
with a low stability measured with a gentle wet-sieving technique (Marinissen 1994), and
less internal transport in the field with highest stability. Descriptions of the methodology
used should bevery clear, however, so asto enable thereader tojudge the harshness ofone
method relative to another for the same type of measurement.

The Dutch Programme on Soil Ecology of Arable Farming Systems
Description of the experiment
Most ofthework described inthis thesis was performed aspart oftheDutch Programme
on Soil Ecology of Arable Farming Systems, carried out at the Lovinkhoeve experimental
farm at Marknesse, Noordoost Polder (see Fig. 1.2.). This polder was reclaimed recently
(1942). Inthisprogramme, 'conventional' agricultural management was compared toaform
of 'integrated' management. The 'integrated' management was aimed at using biological
processes to get abetter nutrient use efficiency, sustained improvement ofthe soil structure
and effective pest and weed control. The farm management in 'integrated' differed from
17
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'conventional' in the following
aspects (Brussaard et al. 1988):
- reduced nutrient inputs
- a larger part ofthe nutrient inputs
through organic amendments
- reduced (shallower) tillage
- reduced use of biocides
Application of biocides could be
reduced because fewer pests were
expected at lower nutrient levels.
Preventive soil fumigation could be
omitted in the 4 year-rotation using
resistant potato-varieties. Some
specific biological control organisms
were used where appropriate, such
as inoculation of potato-tubers with
a fungus suppressing Rhizoctonia
solani. Weeds were largely controlled mechanically. The reduced
nutrient inputs reduced the
sensitivity to pests, but also
improved thenutrient use efficiency.
Lower costs should balance the
lower returns from reduced yields,

:£"«»«»
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Fig.1.2.Location attheexperimentalfarmLovinkhoeve,The
Netherlands. From Lebbink etal, 1994

which was aimed at 80-90% of that under conventional management. The reduced tillage
depth (15 cm instead of 25 cm) was chosen to reduce disturbance of the many species of
the food web living in the top soil layers that are susceptible to tillage. Details on the
management are given by Brussaard et al. (1988) and Lebbink et al. (1994). Details on the
soil and the reclamation and management history of the plot are given by Kooistra et al.
(1989).
The experiment at the Lovinkhoeve was laid out on fields that had received 35 years of
different organic matter management. One block (A) had a rotation including leys, and a
large part of the nutrients were derived from organic sources (manure, crop remains). The
other block (B) did not have a ley in the rotation and only received fertiliser. The new
management systems (conventional and integrated) were laid out again in two blocks
perpendicular totheoldtreatments. Inthisway 4combinations came about: Conv-A, ConvB, Int-A and Int-B.
18
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Outline of the thesis
The first three chapters and part of chapter 4 describe earthworm population dynamics in
the Lovinkhoeve fields. Because the polder soils in the study area were reclaimed only
recently, colonisation by earthworm is still ongoing. Chapter 2.1 describes the colonisation
pattern and processes in the Lovinkhoeve fields. More general knowledge of colonisation
by earthworms, or specific groups of earthworms, is provided by chapter 2.2, where a
model is discussed that aims at predicting general colonisation patterns for different
earthworm species. Population dynamics of earthworms in the fields under different
management are described in chapter 3 and in part of chapter 4. Chapter 3 contains a
factorial analysis of the environmental factors influencing population density.
Changes in aggregate stability in the fields of the Lovinkhoeve over the years and the role
of earthworms inthat development are described in chapter 4.Aggregate stability over one
season was related to earthworm numbers in two fields with different management. Fields
from other parts of the Lovinkhoeve, differing in only one aspect from conventional
agriculture, were considered, too. In chapter 5 mechanisms for aggregate stabilisation by
earthworms are described as found in a laboratory experiment comparing earthworm casts
with artificial casts made from two different types of soil. Chapter 6 deals with the
behaviour of clay in wet casts of different types of soil and discusses the implications for
organic matter dynamics. In chapter 7 preliminary results of experiments on the
relationships between aggregate stability and decomposition of organic matter in the
Lovinkhoeve field as influenced by earthworms are discussed. In Chapter 8, the general
discussion, the results of this research are brought together in a general theory on the
influences of agricultural management on the earthworm activity and on the mechanisms
by which earthworm activity affects aggregate stability and organic matter retention
potential of the soil.
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Colonisation potential of earthworms into new habitats

2.Î
Colonisation of arable fields by earthworms in a newly
reclaimed polder in The Netherlands. Preliminary results

JCY Marinissen (1991) In: GK Veeresh,
D Rajagopal and CA Viraktamath:
Advances in management and conservation
of soilfauna, proceedings 10th Int. Soil
Zoology Colloquium, Bangalore, India 1988
Oxford and IBH Publishing Co., New Delhi

Chapter 2.1

Summary
Colonisation of an arable field by earthworms was studied in a newly reclaimed Dutch
polder. The rates of spread of recently introduced populations and populations established
30years ago,both onan experimental farm near Marknesse inthe "Noord Oost Polder" are
shown. Factors influencing colonisation ofarable fields, related topopulation dynamics and
passive dispersal, are discussed. From the results, it appeared that in arable soil active
dispersal is slower than in grassland situations, while dispersal by mud transport on tractor
wheels can be considerable.

Introduction
Overthe last few decades, intensive agricultural practices inTheNetherlands have probably
reduced earthworm populations in arable land. Nowadays, reduced input production is the
subject of an increasing research effort. One way to minimise inputs is to reduce tillage,
using natural processes of soil structure conditioning. To helpthis process, (re)colonisation
of earthworms should be considered.
Little is known about mechanisms involved in the colonisation by earthworms. Mostly
transport to new areas can be either by the activity of the animals themselves (active
dispersal) or through the action of other agents (passive dispersal). Schwert (1980)
described two ways of passive dispersal, transport by stream drift (along the borders of
rivers), or by other animals. Cattle can be effective in spreading earthworm cocoons in the
mud on their hooves (JP Curry, pers. comm.). Schwert only described one way of active
dispersal only, by mass emergence occurring under stress conditions. However, under
normal conditions, active dispersal can also be expected to be a result of the random
movement of earthworms through the soil, a behaviour that is necessary for endogeic
species tofeed themselves. Iftherandom movement ofindividuals isinvolved, thentherate
of spread of the population border depends on both population size and the activity pattern
of the individuals (Williamson and Brown 1986).
It is likely that factors involved in determining the rate of spread of earthworm
populations (population growth, individual rate of both active and passive dispersal) may
bedifferent under varying conditions. Ingrassland plots population growth canbehigh,and
passive dispersal is restricted to small amounts of soil in cattle hooves. In grasslands in
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newly reclaimed polder soils colonisation proceeded with a rate of approximately 8meters
per year for Aporrectodea caliginosa and Lumbricus rubellus (Hoogerkamp et al. 1983).
Curry and Boyle (1987) studied the establishment of earthworm populations in reclaimed
cut-over peat. They found a dispersal rate from inoculum sods of at least 2.5 m year"1 for
A. caliginosa, and 10 m year"1 for L.rubellus.
In arable fields, active colonisation can be expected to be much slower, because of less
favourable conditions for earthworms, resulting inlower population densities. On the other
hand, individual movement may be stimulated by lower food availability (Martin 1982).
Passive dispersal by soil transport with tractor wheels may also take place under arable
conditions. This type of spread would cause a skewed distribution in the direction of the
main tillage operations, and would take place mainly during tillage carried out under
relatively wet conditions.
From the foregoing can be concluded that, to be able to predict colonisation rates under
different conditions, it is necessary to measure parameters of both active and passive
dispersal. In this study, measurements of individual dispersion range and an estimation of
passive transport rate are presented.

Methods
Site description
The site where the research was carried out is the "Lovinkhoeve" experimental farm in
theNoord Oost Polder, which wasdrained in 1943. The soil isacalcareous sandy loam soil
(Brussaard at al. 1988). Different parts of the farm received different treatments (see Fig.
2.1.1). South-East of the farm the fields have been under pasture since 1943,but are now
used as arable land. South to Southwest of the farm a plot has been treated with different
types of fertiliser. Block A received farm yard manure, inorganic fertiliser and green
manure, block B received only inorganic fertiliser, while block C received both greenmanuring and inorganic fertiliser. Since 1985 the fields of this block have been split into
blocks with conventional and integrated crop production. The integrated crop production
is characterised by lower inputs of inorganic fertiliser and biocides, more use of organic
manuring and reduced tillage (for details see Brussaard et al. 1988). South of these blocks
a long-term tillage experiment has been established, where minimum and conventional
tillage methods are compared.
Fig. 2.1.1 illustrates the distribution of the earthworm population as found during 1987
(inJune and October). Population density and species diversity were thehighest inthe most
northern plot which was a grassland until recently. The minimum tillage plot, farther away
from the farm yard, did not have earthworms. In block B, which received only inorganic
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fertiliser, earthworms were absent or rare, only in the integrated part of block B some L.
mbellus occurred. In the southernmost field of block A only one species (L.rubellus) was
present, while inthefieldcloser tothe farm theendogeic speciesA. caliginosaandA. rosea
were also present.
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Fig. 2.2.1 Map of Lovinkhoeve experimental farm, including earthworm distribution over the farm
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Experimentalsetup
To estimate active and passive dispersal, two experiments were carried out. For the
measurement of active dispersal, earthworms were inoculated in a minimum tillage plot in
April 1987.Onehundred andtwenty individuals, bothadults and sub-adults ofA. caliginosa
were laid on the surface of a 1m2 quadrant, that was free from tractor tracks. There were
four replicates. The plots were covered with a thin layer of compost to prevent the night
frost from harming the worms. The compost was removed after one week, but some
remained insmall cracks inthe upper soil. When necessary, the plots were watered to keep
the soil moist enough for earthworm activity. Thiswatering was onlynecessary inJune;the
summer of 1987 was extremely wet. On October 6, survival and spread was assessed by
sampling one 20x20x20 cm3 subplot at each inoculation site and two more, one and two
meters away from it. Because of the destructive nature of the sampling, only two
inoculation plots and adjacent areas were sampled. The soil was washed away over asieve,
and from the debris earthworms and their cocoons were collected. The period from April
to October covers the main part of the active period of the earthworms, cold and frost
limiting activity during the rest of the year. Also harvest (mid-October) and subsequent
tillage disturbs the active dispersal pattern.
In a second experiment, passive dispersal of cocoons by tractor wheels was simulated
using small (2mm) glass beads. Inaplot of roughly the size of atractor wheel imprint over
one revolution (30x500 cm), 2900 coloured glass beads were pushed into the soil with thin
wooden pinstoa depth of 1.5, 3.0and4.5 cm,each depthrepresented byadifferent colour.
These depths were chosen because the ridges on the tractor wheel were 5 cm high, and it
was not expected that beads buried deeper would be inreach of the wheel. There were five
replicates. After aweekend of heavy rainfall, when the soil was sticky, atractor was driven
with therightwheels over the plot and over 65mofbare soil with normal ploughing speed.
Subsequently, the soil adhering to the right wheels was sampled for the remaining beads.
All the soil was removed from the wheels before the tractor was allowed to drive to the
next replicate (a distance of about 80m, enough to fill the wheels with soil before driving
over the glass bead plot again). In the track the right wheels made, all clods that fell from
the wheels were sampled in intervals of 5meter from the inoculum point. The clods were
weighed and the number of beads inthem determined by awashing and sieving procedure.
Also in the first 25 m of each track after the inoculum plot, every 5 m a random sample
of 20x20x7 cm3was taken, and the number of beads init measured. Inthe inoculation plot,
three such samples were taken to determine the number of beads that were left over after
the passage of the wheels.
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Results
The inoculation experiment in the minimum tillage plot showed a good survival of the
introduced earthworms. The results of the counts are given in table 2.1.1. L. rubellus had
appeared in the plots, although it was not introduced deliberately. Possibly L.rubellus
Table 2.1.1 Number of earthworms found in inoculation plots adjacent areas (total of two replicates)

Number in sub plots of size 20 x 20 x 20 cm3 in
Inoculation
plot

1 m further
away from
inoculated plot

2 m further
away from
inoculated plot

A. caliginosa
worms
cocoons

29
25

1
2

0
1

L. rubellus
worms
cocoons

2
16

0
41

2
16

cocoons were introduced withthecompost cover, whichwasnotcompletely removed. From
thepresence of earthworm casts onthe surface, itbecame clear that the earthworms had not
spread over more than 2-3 m from the inoculation plot. From table 2.1.1 it appears that L.
rubellus has spread over a distance of 2m, while A. caliginosadid only incidentally come
much farther than 1m.
Theresults ofthepassive dispersal experiment arepresented inFigs. 2.1.2 and 2.1.3, and
table 2.1.2. The distribution of glass beads over the field in the clods (Fig.2.1.2) shows a
regular pattern for the first 35m,then decreases sharply. Inthe wheel track itself (Fig.2.1.3)
the highest amounts of beads were found. Most were recovered inthe first 15m, followed
by a sharp decline. The balance of numbers of beads recovered is given in Table 2.1.2. Of
all the beads, onthe average 50.2 % was removed from the plot where they were applied.
More beads that were buried superficially (yellow) were transported than those buried
deeper. After 65 m, only few beads (3.1 %) were still adhered to the wheels. In case of
superficially and deepest buried beads, 8.8 and 21.4 % respectively of the beads were not
recovered.
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numberof beads
pushed in track
240n
number of beads
transported inclods
201
depth

depth

depth

20
30
40
50
distance from inoculation plot (m)
Fig. 2.1.2 Number of beads in clods transported by the
tractor wheel, in relation to distance from the inoculation
plot. Mean of 5 replicates

0
10
20
distancefrom inoculation plot(m)
Fig. 2.1.3 Number of beads found inthe track
of the tractor wheels, in relation to distance
fromthe inoculation plot. Hatching as in Fig.
2.1.2

Discussion and conclusions
In 1959earthworms were present inthe meadow near the farm (van Rhee, unpubl. results),
and rare in at least parts of block A (pers. comm. Doeksen, 1988).Nowadays, earthworms
can be found in the most southern parts of block A (Fig. 2.1.1). They are scarce in the
northern part of this block, which may be attributed to the present conventional treatment,
in which nematicides have been used. Block B can be expected to have been uniformly
unfit for earthworms, having received only inorganic fertiliser for 30 years. Under the new
integrated management in part of block Bit canbe expected that conditions for earthworm
survival have become much better. The presence of L. rubellus and in autumn 1987 also
of A. caliginosa (unpublished results) points to this. The absence of earthworms in the
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minimum tillage plot is not as could be expected from data from other tillage experiments
(Westmaas research group 1984; Ehlers 1975). The inoculum-experiment showed that A.
caliginosa was able to survive and reproduce well in the minimum tillage plot during the
summer 1987.
Table 2.1.2 Total balance of beads inoculated and transported (Mean offivereplicatesd)
Bleu
(3 cm)
960

Red
4.5cm
960

Left over after passage ofwheel

415

527.5

492.5

1435

Transported inclods over 50m

55.2

33.1

33.6

121.9

Pushed intrack over 25m

330

190

150

670

Over in soil adhered totractor wheel

37.2

28

24.8

90

Estimated intrack 25-65m

56.2

52.5

53.4

162.1

Not accounted for

85.4

128.9

205.7

420

Inoculated

Yellow
(1.5 cm)
960

Total
2880

It seems likely that a colonisation has taken place which proceeded from the farm yard
over the grassland plots, and from thereon southward over the organically treated block A.
During the survey for this research, the colonisation border seemed to havejust reached the
minimum tillage plot.
From the field distribution the over-all colonisation rate would be approximately 175 m
in 35 year, this is 5 m per year. This rate is lower than that found in grassland by
Hoogerkamp et al. (1983). Here colonisation proceeded with a rate of approximately 8
meters per year for A. caliginosa and L. rubellus. Grassland without worms was
characterised by a 2.5-4 cm thick organic layer, which provided ample amount of food to
the pioneer population. Because the organic layer disappears in the centre of the earthworm
plot, highest population growth can be expected at the population border, causing a
relatively high rate of dispersal, assuming that the individual activity pattern is not changed
under those conditions. Curry and Boyle (1987) studied the establishment of earthworm
populations in reclaimed cut-over peat. They found a dispersal from inoculum sods of at
least 2.5 m. yr"' for A. caliginosa, and 10 m. yr"1 for L. rubellus, also under relatively
favourable grassland conditions. The value found for the overall dispersion in this study is
rather high compared to this values.
In the inoculation experiment, a rate of only 2 m was found for active dispersal of A.
caliginosa for the main part of its activity period. It therefore is likely that in the
colonisation of block A also passive dispersal has been important. During wet years,
earthworms of the species L. rubellus and A. caliginosa tend to remain at shallow depths,

31

2.1Colonisation-fieldstudy_
and also lay cocoons inthis layer (unpublished results). Also inwet years, transport of soil
bytractor wheels canbeconsiderable. During harvest after the wet summer of 1987,tractor
wheels carried a steady load of over 30 kg of soil after driving over a field in block A,
which was found to contain 260 cocoons and 45 live earthworms, including some adults.
On the other hand, farmers try to restrict tillage operations to dry periods, during which
boththe number of cocoons inthe surface layer and the amount of soil transported with the
wheel is low.
The survival of cocoons transported by the wheel depends on several factors. The direct
damage during uptake bythewheel isprobably rather small, only 5damaged cocoons could
be found inthe soil from the wheel at harvest 1987. Cocoons pushed into the track, which
could represent half of the cocoons transported according to the passive dispersal
experiment, can be expected to be severely damaged by the pressure. Those transported in
the clods are dispersed over the soil surface and are insummer atrisk under dryconditions,
and in winter during frost. But if the cocoons are transported during harvest, often the soil
is ploughed soon afterwards, increasing the chance that the cocoons are brought to safer
depths before drying out is liable to occur.
Most of the cocoons on the tractor wheels will be transported over relatively small
distances (15-25 m.), as could be concluded from the dispersal experiment with the glass
beads. However, small numbers of glassbeads were spread with the clods that fall from the
wheels at much greater distances, and can be expected to be spread even further than 65
m. So, in those years where cultivations are done under wet conditions, especially in the
autumn, pioneer colonies may be started further from the colonisation border than can be
expected from natural dispersion. Within thefield, the direction oftillage operations isSWNE and vice versa, influencing the colonisation of block B from block A very much. This
is reflected by the relatively quick colonisation of L. rubellus into block B. In the NorthSouth direction passive dispersal is not a regular process, but one that is unpredictable to
a certain level, asthe order inwhich the farmer works the fields isdifferent throughout the
year from year to year.
Future plans are to fit the data from this study, and literature data for other species into
the model of dispersal that has been described by Van den Bosch et al. (1992).
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Abstract
In this paper a simple model is used to study the dispersal of earthworm populations into
newhabitats. Simple models donotdescribe processes accurately, butcanhelp gain insight
into the functioning of ecosystems or processes in ecosystems. Using information on
reproduction, survival and dispersal atthe level oftheindividual, the velocity of earthworm
population expansion wascalculated. Dispersal ofearthworms canbeactive orpassive. The
parameters of active and passive dispersal were calculated from field experiments done in
one of the Dutch polders. Parameters of reproduction and survival were estimated from
published data.The effects ofprocesses atthe individual level onthe velocity of population
expansion were studied for two species (Aporrectodea caliginosaandLumbricusrubellus).
Themodel shows that passive transport hasamajor influence onthe velocity of population
expansion, which isstrongly increased even ifthistransport involves only avery small part
ofthe population. Atahigh level ofpassive transport, however, death induced bythismode
of dispersal can have a negative influence on population expansion. In the discussion it is
indicated that optimising growth conditions of the earthworms might be the easiest way to
promote population expansion. However, promoting dispersal by passive mechanisms can
also be very important.

Introduction
Earthworms enhance the incorporation oforganic matter into soilsand the formation of soil
structure (Lee 1985).Colonisation of earthworms istherefore useful when restoring mining
spots and reclaiming new land (Brun et al. 1987). Data regarding dispersal on a field-scale
have been reported for grassland situations. These datamainly concern population dispersal,
while data on dispersal processes at the individual level are lacking. Earthworms can
disperse actively and passively. Active dispersal involves movement through the soil in
search for food (Martin 1982). Some species (L. terrestris and A. caliginosa) also move
over the surface (Bouché 1976). Passive dispersal mechanisms for earthworms include
transport with eroded soil (Schwert 1980),withwater (Frenot inpress) andby birds (Meijer
1972). In arable land, transport of soil by agricultural machinery also may play a role in
earthworm dispersal.
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Models help to understand the behaviour of biological systems. Two types of models can
be distinguished: "realistic" models, mostly very detailed, and "strategic" models (Levins
1966). Simple, strategic models are valuable in understanding main mechanisms and in
evaluating the influence of management practices on the system, as has been shown by
Scheffer (1989, 1990, 1991). In this study, we present a simple model, adapted to
earthworm behaviour, in analogy to the model by Van den Bosch et al. (1990). The model
describes the velocity of spatial population expansion of various earthworm species.
Furthermore, it can be used to investigate the relative importance of various factors at the
individual level affecting the velocity of population expansion.
Demographic parameters wereestimated from dataavailable intheliterature. Experiments
wereperformed toquantify bothactive andpassive dispersal ofindividual earthworms. Data
on population dispersal patterns in arable land, and literature data on population dispersal
in grassland, served as tests of the model.

Methods
Themodel
Spatial expansion of a population into new territory results from reproduction and
dispersal of individual members of the population. The relevant characteristics at the
individual level are:
I. Demographic characteristics: the age-specific survival, L(a), and the age specific
fertility, m(a).
II. Dispersal characteristics. The dispersal density, D'(ajc,C, | alive), is defined as the
probability that an individual born at position Ç,if still alive at age a, is living at x. This
dispersal density is assumed to be rotationally symmetric. We do not assume Brownian
motion as for example the diffusion model of Skellam (1951).
The model can be viewed as abookkeeping system, keeping record of the age and place
of all individuals in the population. Assume, for example, that the invasion is started with
one newborn atposition Ç=(0,0). The demographic characteristics determine how long this
individual will live and when it gives birth. The dispersal characteristics determine where
it will give birth. For every newborn the model registers time and place of birth. The total
of all these records indicates, at any moment, how many individuals are living and where
they are located. This type of bookkeeping system can be described mathematically
(Diekmann 1978, 1979;Thieme 1977, 1979;Van den Bosch etal. 1990).The mathematical
description is a spatial variant of the well-known Lotka equation for the growth of anagestructured population (see e.g. Roughgarden 1979).
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The general model was
studied extensively by
Diekmann (1978, 1979),
Thieme (1977, 1979) and
Van den Bosch et al.
(1990). Only few assumptions on the shape of L(a),
m(a) and D*(a,x£ | alive)
were required. In the
present context these
assumptions aremet and for
Distance .d.from the point where the population w a s initiated
details we refer to the
original papers. After a
Fig.2.2.1 Wave of advance of a population. The population is initiated at
phase of population build
point 0 on the x-axis. Population density profiles are given for successive
times, ti, at equal time intervals. The velocity of population expansion
up, a population wave
equals the distance between two population profiles derived by the time
develops. Travelling-wave
interval.
solutions of the model can
bevisualised aswave-shaped population density profiles, travelling withaconstant velocity,
C, through space (Fig. 2.2.1). Van den Bosch et al. (1990) showed that the velocity of
spatial population expansion, C, can be calculated from demographic and dispersal
characteristics of a species, using an explicit and simple approximation formula. For.a
species that disperses throughout its life, such as earthworms, the formula is:

C « -?- JÏMÎ» (1+J-Y/H/y

(1)

The parameters in this equation are:
A. Reproductive parameters: ^ and R0. [i is the mean age (in years) at which an
individual reproduces, R0 isthe net-reproduction (number of offspring per individual, in a
density independent situation). It is biologically obvious that a species which start to
reproduce at an earlier age has a larger velocity of population expansion. This is reflected
inthe inverse relation between u and Cin Eq. 1 Also, the larger the number of offspring,
the larger the velocity of population expansion, see Eq. 1.
B. Dispersal parameters: a and y. a is the standard deviation of the dispersal density.
This parameter measures the average distance travelled by an individual. The larger this
average distance, the larger the velocity ofpopulation expansion, as reflected in Eq. 1.y is
the kurtosis of the dispersal density. This parameter is a measure for the shape of the
dispersal density. The kurtosis of the normal density, for example, is 0. The double
exponential distribution, which has "thicker tails", has a kurtosis of three. A "thicker tail"
37

2.2 Colonisation- modelstudy_
causes a larger velocity of spatial population expansion, as is reflected in Eq. 1.
To apply Eq. 1to earthworm dispersal patterns some of the parameters were modified
as follows.
R0: The net-reproduction is modified to account for mortality associated with passive
dispersal. In the absence of passive dispersal an earthworm has a net reproduction R& If a
fraction F of the earthworms is transported passively, of which a fraction 5 survives this
mode of transportation, the final net-reproduction is
^ = (l-(l-ô)F) JÇ

(2)

\i:Asan approximation we assume that individuals hatch in spring (Evans and Guild 1948;
Cotton and Curry 1980). For first six months the individuals are juveniles. Reproduction
thus takes place in the second half of the year. During winters all individuals, except
cocoons, die. From this we find
\i « 0.75

(3)

(j2: If the variance of the active dispersal is q2, and that of the passive dispersal q,2 the
variance of the total dispersal is equal to:
o 2 = (1 - F)oA + F a2p

(4)

y:Little is known about the activity pattern of earthworms inthe soil. The most reasonable
assumption is that they perform a random walk. This means that at every moment the
dispersal density of the active dispersal follows a normal distribution, i.e. the kurtosis is0.
For passive dispersal by tractor wheels, a constant probability per unit of time has been
assumed for an individual to fall off the wheel. This results in an exponentially distributed
density in the direction of tractor movement. The kurtosis of the exponential distribution
is 3.For the total dispersal we then have
Y = 3F

(5)

Combining Eq. 1and 3 through 5 yields
C = 1.3 aA ^(1-F) + FiOf/oJ2 JÜnR^ (1 + 0.25F/nfl„)
where R0 is given in Eq. 2
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Parameterestimation
Reproduction parameter. R0. The net-reproduction, R^ can be estimated from: (a) the
number of cocoons produced per adult; (b) the percentage of successful hatchings and (c)
the probability that a juvenile becomes a reproductive adult. The number of cocoons
produced by different species have been studied by Evans and Guild (1948). Hatching
success of L. rubellus and A. caliginosa is estimated from our own unpublished results as
being 70%. The chance of a juvenile reaching the reproductive stage in arable land is
approximately 25% (Boström 1988) for both species studied.
Active dispersalparameter.CTAAn
. introduction experiment was started in 1987atafield
at the Lovinkhoeve experimental farm, Dutch North East Polder (established in 1937),
where earthworms had not yet invaded. Inoculation plots were established outside tractor
tracks, so that only active dispersal took place. The spatial distribution of worms was
determined one year after inoculation using manure traps (Lofs-Holmin 1979). Due to dry
soil conditions during trapping this method yielded data on L. rubellus only.
For grassland situations, we measured dispersal of earthworms in a non-grazed newly
sown ley in Nagele in the Noord Oost Polder, 1year after inoculation of a mixture of L.
rubellus, A. caliginosa and Aporrectodea longa. During inoculation, 200 worms were
evenly distributed in each of four 1-m2plots in October 1987. In November 1988, from
each inoculation plot, a linear sampling was carried out, on which at every meter a sample
of 25x25x25 cmwas sorted byhand, uptoadistance of 10m. From the resulting distancefrequency tablesCTAcan be calculated according to Steel and Torrie (1980).
Passivedispersalparameters:aP,5andF.Noquantitative data exist onpassive dispersal
by soil transported on agricultural machinery. A first survey revealed that soil transported
by tractor wheels contained worms in all life stages. Tomimic transport of cocoons by soil
ontractor wheels, coloured beads ofcocoon size were introduced intothe soil and dispersed
by a tractor under wet conditions. The number of beads inthe track over 65was assessed.
More details about the method are given in Marinissen (1991).
5 is the probability that a cocoon will survive passive transport. In the absence of
experimental values for 8 the model was run with a range of values. The chance for an
individual to be transported, F,isestimated from (a)the percentage of the field affected by
tractor wheels, b) the estimated percentage of cocoons deposited yearly inthe 0-5 cm layer
ofthe soil and c)the percentage of beads removed bytractor wheels. Between 36 and 51%
of the glass beads were taken up from the inoculation plots during the experiment.
In Table 2.2.1A and 2.2.1B the parameters we used for different species in arable land
are listed. For some unknown parameters a range of values was used in the calculations.
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Table 2.2.1A

Estimated parameter values and predicted velocities of population expansion in arable land
(using Eq. 6) for Aporrectodea caliginosa and Lumbricus rubellus

species

CTA3)

cocoons" ^

aP4)

C6»

F*>

L. rubellus

90

15.8 2.4

10.5

0.068

0.01
1.0

11.35
11.51

A. caliginosa

30

5.3 1.0

10.5

0.043

0.01
1.0
0.01
1.0

5.70
5.77
6.98
7.10

2.0

Table 2.2.1B

As in table 2.2.1A for the species Aporrectodea rosea and Lumbricus terrestris

species

A . rosea

cocoons" R? aA8>

1.4

0.25

a/>

10.5

P»

0.026

0.01
1.0
0.01
1.0

1.75
1.82
3.27
3.31

0.0017

0.11.0

0.00
0.00
0.28
0.62
5.68
0.77
1.67
15.31

3.0

L. terrestris

1.0
1.1

2.0

0.25
10.0
0.25
1.00
10.0
0.25
1.0
10.0

10.5

C6»

5

1) Number of cocoons per adult per year (Evans and Guild 1948)
2) Offspring per adult per year, calculated as cocoons(') xfraction hatching x fraction ofjuveniles surviving
until adulthood. See Methods for further details
3) Measured for L. rubellus using pitfall traps (see Methods). ForA. caliginosa we used two estimates, both
lower than 2.4, because we expected that the active dispersal would be lower than for L. rubellus
4) Measured in the glass-bead experiment
5) Fraction of cocoons being transported, calculated as fraction of cocoons taken up (from glass bead
experiment =0.5) x fraction of surface under tracks (=0.2) x fraction of cocoons in upper 5 cm of soil
6) In m year"'
7) Offspring per adult per year, calculated ascocoons(') x fraction hatching x fraction ofjuveniles surviving
until adulthood. Because we had no estimates ofhatching success and survival rates for these two species
we varied the value of R„
8) Expected was that A. rosea has lower active dispersal than the species of table 2.2.1B. For L. terrestris
we took a wider range of values
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Validationof themodel
Lovinkhoeve experimental farm was established in 1953.After seven years, earthworms
reached a density of 280 per m2 at a grassland plot near the farmhouse (Van Rhee 1963).
From this grassland colonisation of the adjoining arable fields started. The distribution of
earthworms over the farm was studied by Marinissen (1991). This "whole-farm"
distribution, established in 35 years, was used to validate predictions of the model.
Recently started earthworm colonisation from one field to another on the farm enables
a second comparison with model predictions. Since 1985, fields previously under
conventional management received more organic matter (manure and crop residues) and
"spontaneous" dispersal into these fields has started since. In the first year no traces of
earthworm activity, such assurface casting, were detected. Inautumn 1988 oneof thefields
was surveyed every 4 m (handsorting of25x25x25 cm soil) over adistance of 40 m intwo
lines: one in a wheel track zone and one between tracks. From this survey the velocity of
population expansion was calculated. In further sections of the paper we will refer to this
observations as the "plot-scale study".
The model was further tested for grassland situations, assuming that <rPis negligible in
grassland. Therefore, Cwas calculated using Eqs. 1and 3, and y=0. The predictions were
compared with published data.

Results
Parameterestimation
From the inoculation experiment in the arable field aCTAof 2.4 was calculated for L.
rubellus. For grassland aA was 4.1 for L. rubellus and 3.8 for A. caliginosa.No A. longa
was found outside grassland the plots. Passive dispersal of beads in arable land yielded a
CTPof 10.8 for beads pushed in the wheel track (cocoons transported that way probably
would have a low survival), and 18.3 for beads transported in clods falling off the wheel
next to the wheel track. The total distribution had a aP of 10.5.Note that aA(grassland) is
larger than aA(arable), and that aP is much larger than both oA values.
Validationof themodel
Model predictions of the velocity of population expansion, C, for L. rubellus and A.
caliginosa in arable land are not very sensitive to the value of 5 (Table 2.2.1A). The
predicted C value for L. rubellus is about 11 m year"1, and for A. caliginosa roughly
between 5.5 and 7 m year"1.
From the whole-farm distribution of the Lovinkhoeve farm as observed by Marinissen
(1991) it is seen that in 35 years A. caliginosa dispersed about 175 m, and L. rubellus
dispersed 195 m. This amounts to an annual dispersal of 5 and 5.6 m year"1, respectively,
for the two species. Thevalue for 35years colonisation ofA. caliginosaiswithin the range
predicted by the model. However, the model overestimates whole-farm dispersal of L.
rubellus.
The dispersal into the newly colonised arable field (plot-scale study) proceeded farther
in wheel-tracks than between them (Table 2.2.2). For this study, model predictions are in
closeagreement withobserved velocities ofpopulation expansion. Thequalitative difference
between the two species is well predicted.
41

2.2 Colonisation - model study_

Table 2.2.2

The velocity of population expansion, C(in myear"1),oftwo
earthworm species (plot-scale study). For further explanation
seetext
intrack
A. caliginosa 7.5
L. rubellus
15.4

between tracks mean
6.5
10.9

7.0
14.1

The measured crA in grassland for L. rubellus and A. caliginosa corresponded to a velocity
of population expansion of 12.8 and 9.3 m year"1 respectively. Values of C found in the
literature for grassland range between 2.5 and more than 10 m year"1 for A caliginosa, and
are larger for L. rubellus (Table 2.2.3). Comparing estimated and predicted velocities for
these two species in grassland show that they are in fair agreement, the calculated values
tending to be slightly higher than literature data.
Table 2.2.3

The velocity of population expansion, C(in myear'), estimated from literature data. All
estimates concern grassland
Management

ungrazed orchard grass strips
grazed polder grassland
grazed cut-over peat
pasture

Species

(1)
(1)
(2)
(1)
(1)

C

6
9
>10
2.5>x<10
8

Reference

Van Rhee 1969
Hoogerkamp et al. 1983
Curry & Boyle 1987
Hamblyn & Dingwall 1945

(1) A. caliginosa
(2) L. rubellus

General patterns
Velocities of population expansion were calculated for different values of /?„, F, a A , a P
and 5. For initially small values of F, increasing F led to a large increase in the rate of
population expansion, C, especially when a P is large compared to o A . Furthermore, the
velocity of population expansion is sensitive to o A , 8, and .% especially within the range
Rf=l to /Sjj=15. High values of F and high mortality during transport (low values of 5),
result in reduced velocity of population expansion, especially when net-reproduction (.&&)
is small (Fig. 2.2.2A, Band D). This is because the larger F becomes, the more individuals
die due to the transport by the tractor wheels. When the probability of surviving
transport is small, so many individuals die that the population is unable to maintain itself.
Therefore C approaches 0 when F approaches 1 and 8 is small.
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Discussion
The velocity of population expansion
predicted bythemodel for A. caliginosais
in close agreement with the velocities
estimated inthe field. This applies to both
the arable and the grassland situation. In
agreement with model predictions, L.
rubellus colonised new fields faster than
A. caliginosa.Inexamining the differences
inthe parameter values estimated for both
species (Table 2.2.1A), it becomes
apparent how differences at the individual
level affect the population level. L.
rubellus has a greater net-reproduction
{Rjj.This species also lives closer to the
surface which results in a larger fraction
of the individuals being passively
dispersed (larger F).Moreover, L. rubellus
covers larger distances during active
dispersal (larger CTA).

ju-

A.
R;=3

tf =0.1

20>>
a.

£

10

"

ou

E
o
•o-

É.:::r::-i
T ~ r- • • i •

0.4

0.8

rtJU
Q.
X
0)
C
O

c.
RS =10
tf =0.1

4_,

•2 20Q.

O
Predicted velocities of population
Q.
/ '
M
expansion for L. rubellusare inreasonable
O
// .
\\
agreement with field estimates, although
/ / /'
\\\
the model tends to over-estimate the
velocity. This is most obvious when
ID
comparing predicted velocities with the
II'/v '
\u
Ä
\v
<D
r_'.
••-.. i
dispersal pattern over the whole
Lovinkhoeve farm, where after 35yearsL.
1
1
1
1
CO 0 J
0
0.4
0.8
rubellus has dispersed only about 20 m
Fraction of the individuals dispersed
farther than A. caliginosa. A possible
passively , F
explanation for the over-estimation might
be the effect of occasional adverse
op/crA=io
• 0 > / 0 A =4
0 > / 0 " A =8
• dp/0"A =2
climatic conditions. Mostparameter values
•Op/ 0"A = 1
0>/0"A = 6
are estimated under assumed optimal
conditions. Bengtson et al. (1979) found
Fig 2.2.2 Scaled velocity of population expansion
that survival of newly introduced L.
(indicated by C/SA inmyr"1)as afunction ofthe fraction
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conditions in Iceland. According to
MacArthur and Wilson (1967), the probability of successful colonisation increases rapidly
asthe ratio of birth rate to mortality rate increases. Under adverse conditions, a decreasing
death rate favours dispersal more than an increasing birth rate.A. caliginosa, in contrast to
L. rubellus,can gointo quiescence, which may reduce the species death rate and could thus
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The Cvalues found for L. rubellusinthenewly colonised field (plot-scale study) was much
closer to predicted values. This might be because colonisation took place in a year with
optimal conditions for dispersal: an application ofmanure in spring, followed by avery wet
summer led to very high numbers of cocoons in the top layer of the area of the farm
already inhabited by earthworms (Marinissen, 1992). Moreover, due to wet autumn
conditions, much soil was transported during tillage and harvest.
Long-term model predictions maybe lessreliable, because conditions vary amongyears,
which may affect Ä&and F inparticular. Model calculations of Care sensitive to both these
parameters. Inwet years, the values for fy andFused byus may be realistic. In drier years,
however, both production of cocoons and transport of soil is much less, leading to much
lower values of C.
Similar over-estimations ofdispersal rates canbeexpected for dispersal ingrasslands that
developed a root mat before introduction of earthworms. Stockdill (cited in Lee 1985)
followed the annual expansion ofA. caliginosaintoNewZealand pastures. After very slow
expansion for 4-5 years, dispersal rates rapidly increased to up to 10m year"1 (comparable
to European situations). In the 4-5 year lag-phase the root-mat provided ample food to
newly introduced earthworms, which may have limited their need to move in search for
food (Martin 1982). After total consumption of the root-mat, the increased search for food
might have enhanced active dispersal. In the model, such site-specific aA has not been
incorporated.
For species other thanA. caliginosaand L. rubellusno specific parameters are available,
but tentative results can be obtained by the model, using parameter estimates as given in
table 2.2.1B. For Aporrectodea rosea, C estimated this way is in the range of 1.8-3.3 m,
which is in agreement with the findings of Curry and Boyle (1987) that this species does
not spread farther than 2.5 myear"1.Aspecies highly valued for itsimprovement of the soil
drainage, L. terrestris, is known to wander over the surface at nights, probably to find
sexual partners. During these trips the worms make tracks of more than 19 m in length
(Mather and Christensen 1988). However, most tracks are curved, and worms tend to keep
close to the area they started from. The species has a low cocoon production, and therefore
a low Rfr Its predicted spread in arable land would be 0with Rg=l and between 0.8 and 15
m when Rg=2. For grassland these values would be comparable, because with a very low
F value Eq. 1resembles Eq. 6 very closely. The calculated values for L. terrestris and A.
rosea are probably overestimations, because u=0.75 is a low estimate for these /T-selected
species.
The model might be suitable for predictions of dispersal patterns on a scale larger than
individual fields, where other means of passive dispersal also play a role. For example,
Schwert and Dance (1979) showed that viable cocoons can be transported by streams. In
sloping landscapes, earthworms can be washed away with eroded soil (Atlavinyté and
Payarskaite 1962). Some species have eury-haline cocoons, which survive transport over
sea (Frenot, in press). In the model these cases can be accommodated by assuming very
small values for F and 5, such as 0.001, and high values for af, in the order of several
hundred meters to a few kilometres. In this caseCTP/CTAis between 100 and 1000. With an
^between 10and 30 and crA=2 this leads to velocities between 20 and 220 m year"1. This
is well in the range described by Lee (1985). He compared observations of Benhäm (1905
and 1915) and Lee (1953) on earthworm populations of the Island of Raoul (c. 3000 ha)
in the southwestern Pacific. Benham only occasionally recorded earthworm populations in
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1905, including a few A. caliginosa. Lee (1953) found in 1949 that A. caliginosa was
widespread and numerous in A-horizons of forest soils throughout the island. Assuming a
circular shape of the island and the starting point at the centre, the dispersal rate should
have been approximately 60 m year"1. For more certain calculations, however, better
quantitative knowledge on passive dispersal parameters is necessary.
The model describes colonisation as a continuous process in time and space. In reality,
the border of the population will not be a smooth line. Especially when passive dispersal
mechanisms play a role, expansion will proceed locally, originating from the central
population like sparks from a fire. Still, to describe the dispersal in general terms and give
an estimate for the order of magnitude of the dispersal, the model and its parameters
perform well.
Implications of themodel
The model can be used to gain insight into ways of promoting colonisation of
earthworms. When, for the species under consideration, allparameter values are estimated,
Eq. 6can be used to investigate the effect of variations inparameter values on the velocity
of population expansion. Management then can be directed towards influencing those
parameter values that have a large positive influence on population expansion. From Fig.
2.2.2 it can be seen that the management measures to be taken depend strongly on
parameter values. Increasing the probability of passive dispersal can be either positive or
negative. For the two species considered inthis paper, anincrease in passive dispersal will
have apositive influence onpopulation expansion if by induced morality passive dispersal
is not too large. It is also possible to enhance the net reproduction, R^ of the dispersing
population. Application of large quantities of nutritious food may stimulate both cocoon
production and the rate of growth, resulting in a quicker maturation (smaller u). Keeping
conditions for growth of founder populations optimal by e.g. irrigation during dry spells
might be of help for earthworm species not able to go into quiescence.
In this paper we have shown how a simple model can be used to study the velocity with
which earthworm populations expand into new habitats. It is shown that the parameters of
the model canbedetermined using literature dataand simple,though laborious experiments.
The model was validated by experimental results and literature data and performed well in
field situations. We can thus conclude that Eq. 6is open for practical applications and can
help in the search for effective land management systems.
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Summary
Regular field estimates of earthworm populations were made for two consecutive years in
two fields of an experimental farm in the "Noord Oost Polder" in The Netherlands. The
fields represent different agricultural management systems: conventional management and
"integrated" management (i.e. reduced cultivation and lower inputs of inorganic fertilisers
and biocides ascompared with conventional management). Practically noearthworms were
present inthe conventionally managed field. Inthe "integrated" field, however, earthworms
were observed on almost all occasions. Three species of earthworms were found, namely
Aporrectodea caliginosa,LumbricusrubellusandAporrectoderosea. During the sampling
period numbers ranged between 0 and 400 individuals m2, representing a biomass of 0 to
100 g fresh biomass m2. Tillage (rotary hoeing) reduced populations by > 50%, but under
favourable food and weather conditions populations recovered within 5 months. A.
caliginosa and L. rubellus showed different life strategies: the former migrated to deeper
layers to survive winter cold, the latter survived frost periods as cocoons.
Potential influence of earthworms on soil structure are the protection of the soil surface
to slaking by the production of stable casts, and the perforation of deeper soil layers and
plough pans, opening up the subsurface soil for plant roots. However, in the integrated
system used in this study, cast were buried in the soil at the time they were needed most
on the surface. Perforation of deeper layers occurred mainly when populations were high,
which was in autumn. Early in the season, presence of earthworms could not prevent
ponding during heavy rainfall.

Introduction
Arable farming inTheNetherlands ishighly capital-intensive. Inthe last decades problems
have emerged, including deterioration of soil structure from use of heavy machinery, and
environmental pollution, from intensive applications of fertilisers and biocides. Therefore,
research isincreasingly aimed atdeveloping ecologically sound arable systems ("integrated"
management). Inthis context aproject atan experimental farm inone of the Dutch polders
has been set up to gain insight in the role of soil organisms in nutrient cycling and in the
interaction between soil fauna and soil structure (Brussaard et al. 1988; Kooistra et al.
1989). Earthworms represent a significant proportion of the soil faunal biomass, and may
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play an important role in both the nutrient cycling and soil structure formation.
From studies in, e.g. Germany (Ehlers 1975; Joschko et al. 1989) and Great Britain
(Edwards and Lofty 1980) it has been shown that earthworms can improve drainage and
facilitate rootgrowth inminimum orno-tillage systems. InTheNetherlands, most field crop
rotations include potatoes and sugar beets (with heavy traffic on the field during harvest),
so the soil is disturbed even in minimum tillage systems. The silt loam soil of the farm is
sensitive to slaking in autumn and winter and to compaction under wet conditions. It can
be questioned, whether, under these conditions earthworms can reach significantly high
numbers tocounteract the structural soil degradation caused bythe intensive use ofthe soil.

Methods
Description offsites and site management
The experimental fields are located onacalcareous silt loam (calcaric fluvisol according
to FAO) in the Dutch "Noord Oost" Polder. Some characteristics of the soil are given in
table 3.1.A 4-year rotation (winter wheat-sugar
T a b l e 3 1 SoiI
beet-spring barley-potatoes) is practised in both
characteristics ofthe expethe conventionally managed fields and the
integrated fields. Conventional management
management:
conventional
integrated
involves high rates of fertiliser application, and
tillage consisting of ploughing to a depth of 25
%C (0-20 cm)
2.09
2.75
Bulk density
1.31
1.26
cm. In the integrated fields fertiliser rates are
clay
(%)
20
20
lower, and nutrients are applied partly in the
silt
(%)
68
68
form of organic manure. Since 1985,tillage has
sand
(%)
12
12
CaC03(%)
10
10
been restricted to a depth of 12-15 cm. The
pH(KCl)
7.5
7.5
present and former management aredescribed in
more detail by Kooistra et al. (1989). Dates of
agricultural treatments inthe integrated plot during the study period are given inTable 3.2.
In the conventionally managed plots tillage, sowing and harvest were done at the same
dates. In September 1986 a soil fumigation with 1,3-dichloropropene was carried out only
in the conventional plot. In the integrated field application of pig manure cake in March
1987under very wet soil conditions caused very strong compaction inthe wheel tracks and
subsequent rotary hoeing was necessary to prepare the seedbed.
Earthwormsampling
Earthworm populations are still in a process of colonisation of the farm, but the
colonisation front had advanced beyond the experimental fields before 1985 (Marinissen
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Table 3.2 Detail of agricultural treatment in the integrated field during the study period

1986
Crop
Sowing
Harvest
Tillage
Seedbed"
Mechanical
weed control
Main tillage2'
Fertilisers3)

Organic manure 4)
Biocides5'

Winter Wheat
01/11/85
19/08/86

Grass
01/09/86

1987

1988

Sugar Beet
24/04/87
03/11/87

Summer Barley
07/04/88

30/10/85

24/04/87

14/05/86

26/05 till
02/07 4x
05/11/87

12/11/86

16/05/88

29/10/85
06/05/86
22/05/86
21/04/87
19/05/88

11

cultivator (15cm) for Winter Wheat, rotary hoeing and rolling for Sugar Beet
ploughing (15cm)
3)
115 k g P 2 0 5 per ha
44 kg N per ha
40 kg N per ha
4)
organic manure 20 ton per ha !) manually spraying thistles with MCPA
2)

1991). Two fields were selected for sampling of earthworms, one under conventional
management, the other under integrated management. Before 1985,both had the same crop
rotation which differed from the present, and were under conventional tillage. The
integrated field had a higher organic matter content (Table 3.1) because of regular
application of organic manures in the past. Sampling was done at least five times a year.
Each sampling, from three randomly selected subplots of 4x4 m per field, two samples of
25x25x25 cm were dug out. Samples were divided intwo layers (0-10 and 10-25 cm), and
the soil was subsequently washed over a sieve (0.2 mm). In this way, all earthworms,
including smalljuveniles and cocoons, could berecovered and counted. Onthree occasions
handsorting was used. To correct for the inefficiency of this method, the numbers of small
juveniles (<200mg) were doubled (Lee 1985). All individuals were identified at species
level, and classified aseither smalljuveniles, largejuveniles (>200 mg)or adults. Biomass,
including gutcontents, was measured onindividual liveworms, after keeping them inwater
for at least two hours. Before weighing, the worms were blotted dry with paper tissues.
From April 1986till March 1987 only total weight of cocoons was measured. From March
1987 cocoons were determined to species, and total weight was measured per species. In
February 1988anintegrated field adjacent tothe integrated managed field under study, with
the same history as the conventional field, was sampled. In this field, sampling was done
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in a linear pattern, with 5 m intervals up to a distance of 25 m from the border of the
organic rich integrated field.
Statistical analysis
Population densities of the different species on different sampling occasions were
compared pair-wise using the Mann-Whitney test. Species composition over time was
analysed further bymeans ofCANOCO, acanonical ordination programme designed byTer
Braak (1988, based on methods described in Jongman et al. 1987), which involves a
multivariate gradient analysis to correlate species composition with external explanatory
variables. In this way, the number of earthworms divided into species, development stage
and sampling layer were correlated with the variables "date of sampling" (number of days
from the start of the sampling period), "month", and total "rain" and mean "temperature"
in the 4 weeks preceding the sampling.

Results and discussion
Abiotic data
Fig. 2.1 gives information about weather conditions. Some winters had severe frost
periods, sometimes very late in winter (february 1986), but also a very wet, mild winter
occurred. Rainfall inthe field season of 1985was close toaverage, 1986wasrather dryand
1987 was wet.
Influence of managementon earthworm populations
The only specimens found in the conventionally managed field were one juvenile A.
caliginosa in June 1986, and two cocoons, one of A. caliginosa and one of L. rubellus in
June 1987.On other sampling dates,
Table 3.3 Worms populations at the integrated field with
occasionally cocoon remains were
the conventional past as a function of distance
to the organic rich field
found. By means of dispersal by
transported soil on tractor wheels
and active dispersal, described for
Distance from
L. rubellus
A. caliginosa
the same fields by Marinissen
organic field
Juveniles Cocoons Juveniles
Cocoons
(m)
per m2)—
(1991), the number of earthworms
entering the conventional fields and
5
1
1
11
0
10
0
0
0
1
the integrated fields are probably
15
0
0
0
0
similar. The results of the linear
0
20
1
0
0
sampling ofthe integrated field with
0
25
0
0
0
conventional past management
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(Table 3.3) confirms this
rain (mm)
200
hypothesis. In this field,
no adults were found, and
only a few juveniles. All
cocoons were found close
to the border of the
integrated organic rich
field, suggesting that they
have been conveyed by
means of tractor wheels.
In the conventionally
managed field, micromorphological analysis
showed some remains of
earthworms channels in
the sub-plough layer,
where they can persist for
a long time (Kooistra et
al. 1989). Most probably
the lack of organic
material and the use of
pesticides have prevented
population development of
anyfounder populations in
the conventional fields.
Fig. 3.1 Two-weeks totals of rainfall (in mm) and mean air temperatures
Fumigation with the
(in °C) at Lovinkhoeve experimental farm
nematicide 1,3 dichloropropene is particularly lethal to earthworms (Edwards & Lofty 1978). According to ElDuweini and Ghabbour (1965) food is a very important factor determining the abundance
of earthworms, so also the lack of organic inputs may play a role in the absence of
earthworms in the conventional field.
In the integrated field, population densities of up to 400 individuals per m2 were found,
representing a live biomass between 0 and 100 g per m2. This is slightly higher than
numbers given by Bostró'm (1988) for Swedish arable land, perhaps on account of milder
winters and longer summers inTheNetherlands. Thenumbers and biomass are comparable
to or slightly higher than inother studies asreported byLee (1985) and Edwards and Lofty
(1977), which may be due to the high efficiency of the method used in this study.
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Species composition andpopulationdynamics
A. caliginosawasthe dominant species, both innumber andbiomass. The second species
was L. rubellus (Fig. 3.2A-C). Occasionally some A. rosea were observed. Numbers of A.
caliginosa (Fig. 3.2A), varied seasonally. In each sampling year, A. caliginosa was found
as early as April. In 1987,just after the frost inFebruary, only cocoons were present inthe
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top 25 cm of soil, whereas in 1988 worms were found as early as January. In April 1986
and 1987 and January 1988juveniles appeared first, adults later on. Mean weight of small
juveniles at these occasions (Fig. 3.3A) was higher than later in the year. Given the low
temperatures and a hatching weight of about 10 mg, this implies that they cannot have
hatched after winter. The depth distribution early in the year differed from that in autumn
(Fig. 3.4A): a significantly lower percentage of A. caliginosawas found in the top 10 cm
in April 1987 and February and March 1988 than at the other sampling dates. In the
mean
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1.0small juveniles

A : A. caliginosa

juveniles

0.8-

adults

0.60.4-

0.2-

aIJIJU

JI iJ JM

Apr ' Jun ' Jul 'Aug ' Nov I Feb Apr' Ma y ' J u n ' Sep '0 / N I Jan Feb ' May

'86

1i

'87

1988

mean
weight (g)
1.61.4

small juveniles

B : L. rubellus

juveniles

1.2

adults

1.0
0.8
0.6H
0.4
0.2

• - il I

Apr ' Jun' Jul 'Aug 'Nov I Feb Apr' May ' Jun ' Sep 0 / N I Jan Feb ' May

'86

'87

1988

Fig. 3.3 Mean weight of individuals in different life stages (wet weight, including gut
contents)during the study period
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relatively dryyear 1986, about half ofthe A. caliginosa population lived intheupper 10
cm ofthe soil against >85% during thewet year 1987.InJanuary 1988 the populationwas
confined mainly tothe 10-25 cmlayer (Fig. 3.4A).
L. rubellus mostly stayed in
% in toplayer
the top 10 cm of the soil
profile (Fig. 3.4B). otherwise

loo-

the relatively low numbers
make it difficult to detect a
clear pattern for L. rubellus

80-

(Fig. 3.2B). In spring 1986 and

1987 no adults were found.
Adults appeared in autumn
1986 andearlier inthe season
in 1987, andremained present
throughout winter 1987-1988.
All adults found inNovember
were dead, probably asaresult
of harvesting sugar beets with
heavy machinery under wet
conditions. The low mean
weight ofsmall juveniles(Fig.
3.3B) in April 1987 and
February 1988 suggests
hatching atthese periods.
Adults of both species had
low mean weights in
November 1986and June1987
which might indicate thatthese
were newly developed adults.
Development into adults
apparently took much more
time inthedryyear 1986than
in 1987. The summer of1987
was favourable forearthworms
because of its wet character
and because of the organic
manuring that took place.
Weights of individual adult
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Chapter3
worms of both species were high. Decreasing quantities of manure cake could be found in
the soil from April until September. In September L. rubellus had maximum mean adult
weight, and highest cocoon:adult ratios. A. caliginosa could grow until November, when
all visible traces of the manure were gone.
Cocoon numbers (Fig. 3.2c) were low in 1986 and most of 1987, but very high from
early September onwards. Many cocoons survived the autumn tillage and the winter of
1987-1988. The depth distribution of cocoons parallelled that ofthe worms: inthe dry year
1986 50% could be found in the top 10cm, but in the wet year 1987 this increased to 7090% (Fig. 3.4c). Gunnarson and Rundgren (1986) also found most of the cocoons in the
top 15cm of the soil. The relatively high percentage ofcocoons inthe 10-25 cm layer after
November 1986 and 1987 may partly be due to tillage effects (ploughing to 15cm).
The CANOCO-analysis confirmed most of the observations on population dynamics.
Fig. 3.5 shows the results
ofthe CANOCO-analysis
for the first two axis in
Irjl
the analysis of the
acj2
abundance data. The two
acjl
axis together explain
lrsj1
92% of the variance. In
temperature
the diagram, projection
\ aca2
of the head of an arrow
on an axis indicates the
-—-a—a—
relative importance of a
lrsj2
coc2
factor for that axis, and
projection of the species
lra2
points on an arrow
date of sampling
indicates the response of
the earthworms to that
factor. E.g.,the arrow for
"month" runs south-east.
Thus, for aparticular soil
layer, a species occurs
most frequently early in
Fig. 3.5 CANOCO-diagram (ac =A. caliginosa, lr = L. rubellus, ar = A.
rosea, coc = cocoons, j =juveniles > 200 mg, sj =juveniles < 200 mg, a
the year if its symbol lies
= adults, 1= individuals in top 10 cm layer, 2 = individuals in 10-25 cm
in the north-west part of
layer)
the diagram, and later in
the year if it lies more to the south-east. The factor "month" was the most important,
followed by "date of sampling", "rain" and "temperature". The appearance of adults is

month
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linked tothe factors "month" and "rain" inboth A. caliginosaand L. rubellus: juveniles are
located predominantly to the north-west of the adults, which is the same direction as the
"month" factor and the "rain" factor. ForA. caliginosa,the individuals in the deeper layers
are located also more in the north-west part, as compared to the ones inthe 0-10 cm layer.
This also suggests an influence of "rain" and "month". For L. rubellus, the 0-10 cm
inhabitants aremore north-east inthe diagram andthose from deeper layers south-west. The
factor "date of sampling" points in the same direction. This is because only in winter
1987/1988 more L. rubellus were found in deeper layers (Fig. 3.4B).
The factors "temperature" and "rain" lie in opposite directions, implying that higher
temperatures are correlated with low rainfall, and it cannot be assessed which factor
influences the earthworms most.
Life strategies offdifferent species
The data suggest different life strategies of the two main species to survive winter
periods. A. caliginosa survives in deeper soil layers, the adults probably even deeper than
juveniles, and ascends to the surface layers in spring. This seasonal pattern of emergence
of A. caliginosa was also observed by Boström (1988) in arable land and by Rundgren
(1977) in other habitats. In this study L. rubellus is more strictly confined to the top soil
layers. During severe frost mortality of L. rubellus in the frozen top layers of the soil
probably will be high. Population then develops from hatching cocoons in spring, which
mature to adults in autumn. During very mild winters (1987/1988) mortality is low, and
individuals and cocoons surviving harvest andtillage can quickly build uphigh populations
again if food and weather conditions are favourable.
Influence of tillage on earthworm populations
Rotary hoeing, which causes severe "non-inversion" disturbance ofthesoildirectly killed
50%ofthe earthworm population (Fig.3.2). Similar observations were made by McLennan
and Pottinger (1976). Rushton (1988), however, mainly observed a more long term
deleterious effect of tillage, inparticular onanecic species. Edwards and Lofty (1982) even
found a stimulating longterm effect of tillage on some species. These different results may
be due to differences in tillage and in soil type (Haukka 1988). Although in the present
study the direct damage was high, the effects were not very strong. In the first place,
populations were low before tillage, and the combination of manure application and awet
summer resulted in maximum densities in autumn 1987. Harvest of sugar beets caused a
high mortality in L. rubellus adults. Under wet soil conditions the vibrations of the
machinery are conducted well, causing the worms to appear onthe surface, where they are
crushed under the wheels. However, populations could build up in spring 1988 again after
a mild winter and because of high numbers of cocoons in the soil, probably helped by a
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residual effect of the organic manuring. According to Lofs-Holmin (1983), such an
influence can persist for up to 3years.
Influence of earthwormsonsoilstructure
In autumn 1987, earthworm populations in the 0-1Ocmlayer were high, and at least the
top 5 cm of the soil consisted of earthworm casts. Using the field data on earthworm
biomass, combined with Bostróm's data (1988) for amounts of cast production in barley
crops, it can be calculated that during the autumn 1987 the bulk density of the top 10 cm
soil could be reduced from 1.3 (Table 3.1) to 1.26 g/cm3 in two months of earthworm
activity. InApril 1987the application ofthemanure caused strong compaction inthe wheel
tracks. At tillage inNovember, a grey-coloured anaerobic layer was observed in the tracks
at ca 15 cm depth. This anaerobic layer was perforated at regular intervals by aerated
(brown colour) earthworm channels. Just before tillage, airpermeability inwheel trackswas
much higher in the presence of worms than in their absence (Marinissen unpubl. results).
However, early in the field season, heavy rain caused formation of pools on the surface
even inearthworm plots,probably because populations ofearthworms were not yet strongly
developed and/or active. The Lovinkhoeve soil isvery sensitive to slaking, and continuous
pores including worm channels can get clogged easily by infillings (Kooistra et al. 1989).
In autumn 1987 the top 5 cm of the soil totally consisted of earthworm casts. Fresh casts
aremore susceptible to dispersion than uningested soil,butbecome more stable when dried
(Marinissen and Dexter 1990). Also, when worms are fed fresh organic materials, stability
of dried casts isenhanced even further (Shipitalo and Protz 1988).In September 1987,75%
of the casts sampled from the integrated field were stable (wet sieving) as compared to 20
% for uningested soil aggregates from the same plot (Marinissen, 1994). So, the layer of
casts could protect the surface from slaking. However, during harvest of potatoes or sugar
beets, or during autumn tillage uningested soil will be brought to the surface again.
Therefore, under these circumstances, short-term positive effects of worm casts onthe soil
stability against slaking cannot be expected.
Worms can play a role in maintaining a favourable soil structure if food and weather
conditions are favourable. However, it takes some time for populations to develop,
especially in climates with severe winters. The winter migration of A. caliginosa leads to
perforation of deeper soil layers, including any plough pans, that are not normally reached
by tillage. In this way, pores are created for rooting in layers under the tilled zone.
Lumbricus terrestris and Aporrectodea longa are even more efficient deep burrowers, but
do not survive heavy soil disturbance (Edwards and Lofty 1982). So, only in systems
without turning of soil and burial of surface casts can earthworms help increase soil
structural stability.
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Abstract
Earthworms are believed to be beneficial to the quality of the soil structure. An important
aspect of quality of soil structure isthe stability of aggregates. The influence of earthworms
on soil structure stability was investigated in a silt loam soil under "conventional" (highinput) and "integrated" (reduced-input) management. Aggregates from the top 5cm of soil
were sampled, air dried and analysed for their size distribution and water stability. Drysieved aggregate size distribution did not differ appreciably among fields and between
years, so aggregates of a certain size represented a similar fraction of the soil for all fields.
Thewet-sieving procedure, usedtomeasure aggregate stability, yielded highly reproducible
results. Within-field variability of the stability was lower than between-field variability, so
in further sampling only one mixed sample per field was analysed for soil structure
stability. Analysing only a large and a small aggregate fraction was enough to evaluate
aggregate stability in this study, as there was a gradual increase in stability from large to
smaller aggregates. A2year time series of samples was analysed for earthworm population
density and aggregate stability. Aggregate stability showed a seasonal pattern and was
correlated significantly withearthworm density. Otherfactors influencing aggregate stability
were management history in the conventional and integrated fields and, for a wider range
of fields, organic matter content of the soil. The Lower Plastic Limit, another stability
parameter, was influenced mainly byorganic matter and clay content, and notby any ofthe
seasonally changing factors.

Introduction
In reviews of the influence of earthworms on ecosystems, numerous beneficial effects of
earthworms on soils are listed. However, their importance to arable systems is not always
clear. In this study the influence of earthworms on soil structure stability is evaluated,
mainly by comparison of two management systems: "integrated" (INT) versus
"conventional" (CONV). The integrated system applied here involved lower inputs of
fertiliser, increased organic inputs and reduced application of biocides compared with the
conventional system. Tillage depth was also reduced to avoid some of the disturbance of
the soil fauna. In the integrated system biological processes were expected to be important
for nutrient cycling and disease control, and maintenance of soil structure. Inthis paper the
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influence of earthworms on the quality of the soil structure, as expressed by aggregate
stability, is tested.
The experimental set-up involved fields that had been divided in two halves (A and B)
since 1953. Block A repeatedly received organic manures during an 8 year rotation
including 2 years ley, whereas block B only received inorganic fertilisers during a 6 year
rotation (without ley). Since 1985, the integrated and conventional blocks were laid out
perpendicular to the old blocks. In this way both systems had fields with a history of
organic manuring and leys and fields with a history of inorganic fertilisers only (Fig. 2 in
Lebbink et al. 1994). In 1987 aneighbouring block was added tothe experiment, on which
integrated management wasapplied, butwithminimum tillage (MTnew). Details onpresent
and former management can be found in Brussaard et al. (1988), Kooistra et al. (1989) and
Lebbink et al. (1994). At the experimental farm also other experimental plots were
available, such asalong-term organic versus inorganic fertilisation plot, and acrop rotation
experiment. Asingle sampling from these experiments provided the opportunity toevaluate
the influence of single agricultural measures on earthworm populations, which helped to
interpret the results of the integrated agriculture experiment of which the set-up was multifactorial.
Toevaluate therole ofearthworms inthe agro-ecosystems, their population densities and
seasonal and yearly variations were monitored and soil structural stability was measured.
Earthworms donot only influence soil aggregates by the passage of soil through their guts,
they also form channels. Inthis way the morphology and the physical properties of the soil
can both be influenced by earthworms. Information on the latter aspects of soil structure
of the experimental fields can be found inBoersma and Kooistra (1994) and De Vos etal.
(1994).

Methods
Earthworm counting
Earthworm populations were sampled by taking six soil samples of 20x20 cm and 25cm
deep, from layers 0-10 and 10-25 cm per sampling occasion per field. Earthworms were
collected from the samples mostly by washing the soil over a sieve (0.3 mm mesh) and a
few times byhand-sorting. Earthworms were counted and individual live fresh weight was
recorded.
Waterstability measurements
Mixed soil samples from the top 5 cm were air-dried in the laboratory, and dry-sieved
into the fractions >8, 4.8-8, 3-4.8, 2-3, 1-2, 0.3-1 and <0.3 mm. Water-stable aggregates
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were quantified by a modified version of the wet sieving procedure of Yoder (1936). A
portion of the dry aggregates was put onamatching sieve of a sieve set, quickly immersed
in demineralised water, and sieved with a stroke length of 15cm and a stroke period of 7.5
s for 5minutes. All fractions were collected separately, dried and weighed. The fraction of
stable aggregates (percentage oftotal dry weight retained onthe upper sieve) and the Mean
Weight Diameter (MWD) of the disintegrated fractions of the aggregates was then
calculated.
For some aggregates also the Lower Plastic Limit (LPL) was measured according to
Atterberg (1910). This is the water content at which the soil changes from plastic
deformation to brittle fraction, while drying out. The higher the LPL, the larger the chance
that the soil is workable over a longer time-span.
Selection of aggregatesizefractions for analysis
To test whether all dry fractions should be analysed for their stability, samples were
taken from five fields in spring 1987: CONVB, MTnew, INTA, INTB and a former
grassland (fG). Of all these fields the stability ofthe fractions 4.8-8, 1-2 and 0.3-1 mm was
measured in triplicate. The results were tested with analysis of variance (ANOVA). In the
former grassland the fractions 2-3 mm and 3-4.8 mm were also analysed. The stability of
the five different fractions from this field was compared using Tukey's test.
Check on the variability withinfields
To test wether variability within fields is so high that it necessitates replicate sampling
per field three samples were taken from each of five different fields in the spring of 1988
(CONVA, CONVB, MTnew, INTAand agrassland (G) intheneighbourhood ofthe farm).
The stability of the fractions 4.8-8 and 0.3-1 mm was measured in four replicates for each
sample. A nested ANOVA was performed to test how much of the variability could be
ascribed to variation among and withinfields.
Seasonal variation of earthworm populations and aggregate stability
Earthworms were sampled several times between March 1986 and 1988 on the fields
INTA and CONVB. The results of this sampling are reported in Marinissen (1992).
Earthworms were almost completely absent in CONVB. Therefore, further sampling
consisted of samples taken every 6 weeks from November 1989 to November 1990 from
fields planted with CONVA and INTA and also five times between December 1990 and
1991 from two other fields which had the same crop and history.
Totest the relationship between earthworms and aggregate stability the same plots were
also sampled for aggregate stability of the top soil (fractions 4.8-8 and 0.3-1 mm). The
results of the stability measurements were analysed by ANOVA, with field as main effect
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and numbers of earthworms (either expressed as numbers of worms in the top 10cm or in
the top 25 cm) and number of the month as covariables.
Otherfactors influencing earthwormpopulations and aggregatestability
To further test the hypothesis that earthworms influenced soil structural stability a larger
series of fields was sampled for earthworms in September 1991. This series consisted of
(I) a rotation study (two fields with continuous winter wheat, and two fields with a
conventional 4 year rotation; in the latter fields sugar beets were present at the time of
sampling) and (II) amanure experiment (conventional 4-year rotation, two fields with only
inorganic fertiliser, and two fields with organic manure for more than 30 years; in both
situations one field was cropped to winter wheat, and one field to sugar beet). In March
1992 the same fields were sampled for aggregate analysis, and aggregate stability of
aggregates 0.3-1 and 3-4.8 mm and the LPL of the macro-aggregates was measured. Data
on earthworm density and aggregate stability in the integrated and conventional fields,
sampled at comparable times, were included in the statistical analysis. Stability
measurements were analysed by Multiple Regression, using a stepwise procedure, both
forward and backward, using the factors percentage of clay and organic C of these
aggregates, number of worms, crop type and manure treatment. Backward multiple
regression is more conservative in keeping factors in the equation than forward regression.
Factors included in the equation derived by both ways may be considered the most
important.

Results
Selection of aggregatesizefractions for analysis
There was not much difference indry-sieved aggregate size distribution among different
fields: the percentage of aggregates of 3-8 mm varied over the season between 22 and 30
for the integrated fields and between 23 and 35 for the conventional fields. The MWD of
dry-sieved aggregates smaller than 8mm also differed little between the integrated and the
conventional system. When differences occurred, the conventional system, especially inthe
B-block, often had larger aggregates (Fig.4.1).These results indicate thateach size fraction
of the aggregates represents a similar part of the total soil for all fields and treatments.
The ANOVA for comparison of the stability of aggregates from five fields and three
aggregate size fractions (Table 4.1) showed that both factors, field and aggregate size,
significantly influenced stability. In all fields, the largest size class had the lowest stability
and the smallest size class had the highest stability. The significant interaction between
these factors showed that the differences among stability of the different fractions was not
similar in all the fields. From the former grassland the stability of five fractions was
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Statistical analysis ofwater stability measurements ondifferent aggregate size fractions from
different fields.
A

mean stability (%)

fraction

INTA

INTB

CONVB

MTnew

former
grassland

4.8-8
1-2
0.3-1

19.51
52.82
86.70

18.08
48.19
91.04

6.20
19.64
72.16

29.32
41.85
79.61

39.67
77.36
88.80

B

Anova table

Source of variation

Sum of Squares

DF

P

Field
Fraction
2-way interaction
Residual
Total

7824.65
37687.86
2580.47
339.67
48432.64

4
2
8
45
59

<0.01
<0.01
<0.01
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compared with Tukey's test, which showed that the fractions 0.3-1 and 4.8-8 were both
different from all other fractions, and that the intermediate size classes showed gradual
differences (Table 4.2). These results indicate that considering one large fraction and the
smallest fraction gives a good insight into the
Table 4.2 Differences between mean
range of aggregate stabilities in the different
stability (%) of aggregates of different
aggregate size classes. Columns with a
fields. Therefore, later on the stability of
different letteraresignificantly different at
aggregates of only two size classes was
the5%level,determined withTukey's Tmeasured, herewith limiting the amount of work
test.
involved to acceptable levels.
fraction (mm)
2-3
1-2
0.3-1
4.8-8 3-4.8
Check on the variability within fields
The results from the nested ANOVA on the
39.67a 67.95b 74.20bc 77.36c 88.80d
data of the sampling of June 1988 (where three
subplots per five fields were analysed) indicate
that differences between the fields accounted for 97% of the variation for macro-aggregate
stability (Table 4.3). The overall variation in stability of small aggregates was very small,
and differences within fields (58% of variability explained) were even slightly larger than
differences between fields (37% of variability explained). When all 9 measurements for
aggregate stability of small aggregates were lumped, the differences between the fields were
highly significant. Because the sieving is very laborious, one pooled sample per field was
taken for the stability measurements performed later. This was analysed in triplicate or
duplicate.
Table 4.3

Nested Anova for samples from different locations onfivedifferent fields
Source of Variance
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Sum of Squares

(Error term)

DF

P

<0.01 location
<0.01 error

Aggregates 4.8-8
Field
Location
Error
Total

30301
602.36
322.29
31225

4
10
30

Aggregates 0.3-1
Field
Location
Error
Total

600.13
529.07
51.19
1180.39

4
10
30
44

% of variation

96.84
1.91
1.25

44

NS
location
<0.01 error

36.50
57.72
5.77

Chapter4
Seasonal variation of earthworm populations and aggregate stability
Earthworms were sampled on the A-block (former organic management) in both a
conventional field and anintegrated field overtheperiod November 1989-1991.During this
period, the maximum density inthe conventional field was 54 individuals m2(Fig. 4.2). In
the same period in the integrated fields on the A-block the population varied between 0to
650individuals m2(Fig.4.2).Thepopulations consisted mainly ofAporrectodea caliginosa
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Fig. 4.2 Earthworm population densities over the season in conventional and integrated fields

and Lumbricus rubellus, a few Aporrectodea rosea were also found. As found by
Marinissen (1992), more earthworms were present in spring and autumn than inwinter and
summer, the autumn peak being higher than the spring peak. Thehighest biomass was also
found in autumn, coinciding with a larger proportion of adults in the population.
Aggregate stability was measured on the same occasions as the earthworm sampling in
the two fields. The stability of macro-aggregates (Fig. 4.3) was very variable over the
season. The highest stability was always found at the end of the field season, in both the
integrated and the conventional fields. In the integrated field the stability was always
significantly higher than in the conventional field. ANOVA showed that the main effect
(field) was significant and the covariables (total number of worms and number of the
month) also were significant. If only the number of worms from the top 10cm was taken,
there were only significant differences due to worms and month, while the field effect
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Fig. 4.3 Seasonal pattern of stability of aggregates 4.8-8 mm in the conventional and integrated fields

became insignificant. This can be explained by the fact that in the field with integrated
management one-third to half of the population was always located in the deeper layers,
whereas most worms found inthe conventional plot were inthe top 10cm. So, differences
inearthworm populations between the top layers ofboth fields were relatively smaller than
for thewholepopulation. TheMWDofthenon-stable macro-aggregates varied only slightly
over the season (Fig. 4.4), and did not differ between conventional and integrated fields.
This means that the degree of aggregation of smaller components into bigger aggregates
was similar in both systems. Compared with macro-aggregates, the stability of aggregates
0.3-1 mm varied less with the season, and among conventional and integrated fields (Fig.
4.5). Table 4.4 lists the results of stability measurements in spring and autumn from 1987
to 1991.In spring 1988 the values for INTA and CONVA were very similar, whereas later
in the experimental period aggregates from CONVA had much lower stability than those
from INTA. This may be due to the fact that from 1985 onwards, the population density
of earthworms started todiverge inthetwofieldsowing tothe change inmanagement. The
aggregate stability in CONVB (former inorganic management) is lower than in CONVA
(former organic management).
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Table 4.4

Aggregate stability (%) over theyears atthe Lovinkhoeve
INTA
4.8-8 mm

spring
June
Sept
Nov
April
Sept
April
Sept
Nov

'87
'88
'88
'89
'90
'90
'91
'91
'91

19.51
36.71
66.59
60.99
31.35
60.95
31.22
47.55
51.79

52.82
90.39
87.54
84.64
83.10
84.89
70.42

CONVA
0.3-1 mm 4.8-8 mm

34.24

93.60

46.79
24.00
53.08
17.63
49.29
23.62

78.74
86.00
78.31
70.06

CONVB
0.3-1mm 4.8-8 mm
18.08
13.43

Wi

91.04
79.56

41.44

Otherfactors influencing earthwormpopulations and aggregatestability
In September 1991, in the rotation experiment, the continuous winter wheat fields had
much higher populations than the fields planted with winter wheat only 1 year in 4
(Fig.4.6A).Inthefertiliser experiment intheinorganic-fertilised block lessearthworms were
present in the field with sugar beet than in the field with winter wheat. The numbers of
earthworms in the winter wheat field in the inorganic-fertilised plot were similar to those
in both winter wheat and sugar beets fields in the manured block.
InApril 1992,the aggregate stability of the size class 3-4.8 mm differed significantly for
different fields of the Lovinkhoeve (Fig. 4.6B). The fields from the A-block and other
fields,that had been under grassland previously orwere under continuous winter wheat, had
high macro-aggregate stability; the stability of these aggregates in the other fields was
invariably lower. From the aggregates of all plots from fig. 4.6B,the content of clay and
organic Cwasmeasured. Earthworms had beencounted inthepreceding autumn (Fig. 4.6A)
in most of the plots. Backward stepwise multiple regression (excluding fG and INTB, of
which no earthworm numbers were known) indicated that numbers of worms, the
availability of manure and the Ccontent each contributed significantly to the total of73%
of the explained variation. In forward regression only the number of worms contributed
significantly (Ä2=0.44). So earthworms had the most important effect on macro-aggregate
stability, but probably manuring and C content also played a role. In both backward and
forward multiple regression the variables clay content and crop type did not significantly
contribute totheexplained variation. Thecorrelation between thedifferent factors never had
an /--value higher than 0.5, which is a requirement for the validity of the stepwise
procedure.
TheLPL was also measured for the different fields (Fig.4.6c). The former grassland had
the highest LPL-values, closely followed bytheA-block. Thewinter wheatfieldhad similar
72

Chapter 4
350

A B

A B

1 2

CONV

INT

fG

WW SB

WWSB

WWWW

SB SB

manure+ m a n u r e - WW 1/1 WW 1/4

Fig. 4.6 Earthworm population density (A), stability (B) and LPL (C) of aggregates of size class 3-4.8 mm for
different fields oftheLovinkhoeve, 1991/1992. CONVA conventional plotontheformer A-block; 1NTA integrated
block on the former A-block; CONVB conventional plot on the former B-block; fG 1,2 former grassland 1
(ploughed 10 years ago) and (2 ploughed 15 years ago); Manure, manure experiment with (+) and without (-)
manure; WW 1/1 rotation experiment, continuous winter wheat; WW 1/4 rotation experiment 4year rotation; WW
winter wheat; SB sugar beet

73

4 Earthworms-populationand aggregate stability_
values to the manure plot. Stepwise multiple regression yielded the following equation
(excluding the fG and INTB):
LPL = 21.46 + 4.09*%C - 0.17*%clay (Ä2=0.8)
All factors other than carbon and clay content did not contribute significantly to the
explained variation.

Discussion
Earthwormpopulations
The maximum population density observed in the integrated field (650 earthworms m2)
ishigh for arable conditions. The high numbers may berelated tothe high efficiency ofthe
sieving method used. Yet, although populations could reachhighnumbers, the development
of adults will have taken several months. This slow development places the population at
risk during drysummers, which hamper population growth. Therelatively slow growth also
makes the worm population relatively susceptible also to other hazards such as tillage
operations which can reduce population by as much as 50% (Marinissen 1992).
The conventional fields were closer to the inoculation site from which earthworms
dispersed over the farm, and probably were colonised earlier than the integrated fields.
However, also in the integrated fields colonisation had taken place before the start of the
experiment in 1985 (Marinissen and Van den Bosch 1992), but numbers may have been
lower than in the fields that became conventional at that time. If we assume a similar
population in the conventional fields and the integrated fields of the A-block at the start of
the experiment, the data of the years 1989-1991 show that conventional management has
been detrimental to earthworm populations. It is not clear how different factors of the
management (e.g. tillage, pesticides, manuring and crop type) relate to this reduction.
However, some indications can be derived from the measurements in the different fields.
Because the species present inthe field, A. caliginosaand L. rubellusare known not to be
very sensitive to inversion tillage (Edwards and Lofty 1977) compared with anecic species
like Lumbricus terrestris, the small differences in tillage depth is not likely to have been
a very important factor. Fumigation against nematodes in CONV may have been very
detrimental for earthworms (Lee 1985p. 305).Marinissen (unpubl. data 1986), ina survey
ofplots with arange of organic matter treatments, could notfind a single earthworm inthe
spring following autumn fumigation, although earthworms had been regularly observed in
at least some of the plots by the farmer beforehand. The influence of manure can be very
large (Lofs-Holmin 1983) and inthe year of application and the following year there could
have been apositive effect of the pig-manure, applied in INT, onthe population size of the
earthworms (Marinissen, 1992).However, because dataonthe CONVA-block were lacking
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in that year, these manure effects could not be separated with certainty from weather
effects. In the manure experiments elsewhere on the Lovinkhoeve farm the effect of the
lack of manure was only visible in the fields with sugar beets, and not in the winter wheat
fields. Winter wheat seemed to have a positive, and sugar beets a negative influence on
earthworm populations, as was also indicated by the results of the rotation experiment. In
the manure experiment the manure wasapplied before sowing the sugar beets, therefore the
positive influence of the manure may have counterbalanced the negative influence of the
sugar beets, while there was no such counterbalancing influence in the sugar beet field
without manure. Thenumbers ofearthworms inthe manure experiment were low compared
with the rotation experiment and the integrated field. In the rotation experiment the
influence of winter wheat can be expected to be much higher, where this crop is grown
continuously, while in the sugar beet field not only one particular field season influences
the earthworm populations, but the whole 4year rotation. This rotation was the same as in
the manuring experiment. A factor which complicates the interpretation of the data of the
additional experiments isthat the colonisation pattern of the part ofthe farm where the two
experiments were located is much less known than that for the conventional and integrated
fields.
Only earthworm communities containing both epi-endogeics (such as L. rubellus and A.
caliginosa) and anecic earthworms (such as L. terrestris or Aporrectodea longa) can
influence all aspects of soil structure (Springett 1985). Population densities of the epiendogeics were different in the integrated and conventional field, but in both systems the
anecic type species were lacking. This may be a consequence of the relatively recently
started colonisation of the fields. The slowly reproducing anecic species are supposed tobe
slow colonisers (Marinissen and Van den Bosch 1992). Another reason for their absence
may be their high sensitivity for inversion tillage, because it destroys their permanent
burrow system and the functioning of their "external rumen" (Lee 1985). Tillage also
removes their primary food from the surface, so that they may not be able to find it. A
reduction of tillage depth only, aspractised inthe integrated fields, isprobably not enough
to encourage these species to settle in arable land.
Soil structural stability
The correlation study of earthworm numbers and aggregate stability in both seasonal
patterns in a few fields and in a single observation in a range of fields provided
circumstantial evidence that earthworm activity influences aggregate stability. Although the
aggregate stability can change quickly (within one growing season), there also appeared to
be a component of aggregate stability that shows longer term temporal variation. This is
indicated by the high aggregate stability of the former grassland fields, that are now under
conventional treatment. Also the fields of the A-block invariably have a higher aggregate
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stability than those of the B-block. This long term trend can be expected to be related to
the organic matter content of the soil, which indeed played a certain role. However, the
differences between Ccontent of the fields CONVA and INTA were only small (Fig. 4 in
Lebbink et al. 1994), while the difference in aggregate stability between these fields was
considerable and significant. It is possible that here the earthworm activity plays a role.
However, it will never be possible to distinguish between influences of organic matter and
of earthworms, because fields with low organic matter inputs, and hence a low organic
matter content over the years, will never harbour large earthworm populations. To estimate
better the influence of the different factors, a field experiment with selective exclusion of
earthworms is necessary. Preliminary results of such an experiment at Columbus, Ohio
show a significant influence of earthworm population level on aggregate stability
(Ketterings et al. 1993).
The influence of earthworms on aggregate stability can also be measured more directly.
In a small experiment, Marinissen collected earthworm casts from the field in september
1987 and 1988 (unpubl. data). The MWD of the dried casts was 2.5 mm, while the field
aggregates were generally smaller (Fig. 4.1). Casts of 4-4.8 mm were much more stable
than field aggregates of the same size
Table 4.5
Stability
of worm casts and
(Table 4.5). The difference in stability
aggregates collected ir the field.
between field aggregates and casts was
much smaller for the 0.3-1 mm size
fraction (mm)
4.8-8
0.3-1
fraction. In laboratory experiments
(Shipitalo and Protz 1988, Marinissen en
Dexter 1990) fresh casts were very
September 1987
worm casts INTA
78.23
95.20
unstable, but their stability increased
worm casts INTB
75.79
93.06
strongly with air drying. Casts placed on
the surface of the soil will easily dry (and
September 1988
worm casts INTA
90.48
93.35
thus become stable), and may be expected
field aggregates 0-10 cm
66.59
87.54
to decrease slaking of the surface soil. The
field aggregates 10-20 cm
90.04
51.06
risk of slaking is highest in autumn.
Although earthworm populations are also highest in autumn, most of the casts will be
removed from the surface and mixed into the soil by autumn tillage. So, in the present
system, only thepresumed long-term effect ofearthworms onthe overall aggregate stability
will influence the slaking properties of the soil. The Lovinkhoeve soil is slightly sensitive
to slaking, and the slaking crust isusually more strongly developed inthe B-block than the
A-block (unpublished observation). Yet, the damage to the crop is not very large, because
the seedlings can still break through this thin and incomplete slaking crust. Also there is a
higher amount of infillings in continuous pores in CONVB than in INTA (Boersma and
Kooistra 1994), but overall physical behaviour of the soil is not different (De Vos et al.
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1994). So the clear positive influence of earthworms on aggregate stability may offer little
practical advantage to the farmer in the Lovinkhoeve soil.
Inthis study the LPL appeared to beinfluenced only byorganic Cand clay contents, and
not by earthworm activity. This may be due to the fact that the time scales of changes in
earthworm populations and LPL are sodifferent, earthworms showing high variability over
oneseason and LPLbeing relatively stable over many years.Thiscould mean that, although
earthworms have disappeared as a result of recent management, such as in field CONVA,
the LPL had not changed very much. Also the possible intertwining of the influence of
organic matter inputs and the presence of earthworms could play a role here.
The crop rotation chosen in this study was relatively intensive, considering the amount
of soil disturbance. Inthe case ofthe growth ofpotatoes and the harvest of sugar beets and
potatoes, the soil structure isdisturbed bymechanical action. Alsotheharvest ofthese crops
includes high traffic loads on the fields, in the case of sugar beets at the risk of harvest
taking place under wet conditions. The species-poor earthworm fauna can only play a
partial role in counterbalancing these disturbances. Also the slow growth potential and the
risk of combinations of hazards that may leadto low earthworm population densities imply
that, although earthworms play a role in soil structure stability maintenance that cannot be
replaced by tillage, inthe intensive crop rotation under the relatively wet Dutch conditions,
the farmer cannot be advised to omit tillage and only stimulate earthworms.
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Summary
Fresh casts were collected from the earthworm species Aporrectodea caliginosa and
artificial casts were also made. The casts were subjected to ageing, drying-rewetting and
sterilisation by hexanol vapour. Clay dispersion was determined as a measure of the lack
of stability ofthe casts. Two soilswere used: the topsoil ofarecently reclaimed polder soil
inthe Netherlands and the topsoil from a South Australian duplex-soil. In both soils fresh
worm casts had higher dispersible clay than artificial casts. During ageing, both types of
casts became more stable. There are strong indications that this is mainly due to changes
on the surface of the casts. Fungi developed on the surface of 6-day old worm casts made
of Australian soil. This resulted in a higher stability of these casts when compared with
artificial casts of the same age without fungus growth. On both types of casts, hexanol
inhibited fungal growth onthe surface ofthecasts, reducing the stabilising effect ofageing.
The fungus did not develop on Dutch soil casts until after 42 days, and also the
development of higher stability with age was less marked than inthe Australian soil. Ifthe
casts were subjected to a drying and rewetting cycle prior to analysis, they became much
more stable than casts that were analysed wet. The drying-rewetting cycle removed most
of the differences between worm casts and artificial casts, and also removed any effects of
ageing.

Introduction
Earthworms are often regarded as highly beneficial to soils. This isbecause they construct
channels, which facilitate penetration of air, water and roots into the soil. Also, soils rich
in earthworms often have a granular, porous and stable soil structure. Much research has
been aimed at measuring the stability of worm casts compared with control soil. Many
authors have suggested that worm casts aremore stable than natural aggregates ofthe same
soil (p.e. Peele 1940; Swaby 1949; Brady 1984). However, more recently it has become
apparent that casts are not always more stable, especially when they are fresh and wet
(Shipitalo and Protz 1988). This apparent contradiction may be partly due to differences in
the mechanisms of stabilisation among soil types (Emerson 1959; Dexter 1988; Dexter et
al. 1988). Also, methods used to measure stability may vary highly. In particular,
introducing adrying or adrying-rewetting treatment prior toanalysis may strongly increase
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the stability of worm casts in some experiments, as a result of irreversible changes in
structure.
Several different processes may playaroleinchanging the stability ofworm casts.Ifsoil
is ingested by worms, large amounts of watery mucus are added to it in the anterior part
of the gut (Barois et al. 1993), and the soil undergoes athorough kneading. This moulding
of the soil will break bonds between soil particles, thereby reducing stability (Griffith and
Jones 1965; Blake and Gilman 1970; Utomo and Dexter 1981a). This would explain the
low stability of fresh, wet casts as found inthe experiments of Shipitalo and Protz (1988).
Futher, fresh worm casts have a very low density because they have been moulded in the
worm's gut at pressures as low as 260 Pa (McKenzie and Dexter 1987). If the casts are
dried after egestion, the particles are pulled steadily closer together by tension produced by
water menisci and the increasing matric potential of the water (Greacen 1960; Towner
1983). These closer arrangements of the primary particles cause stronger bonding either
between clay particles, or between organic and mineral particles.
However, ageing under continuously wet conditions may also increase stability
(Lütjeharms 1952; Molope et al. 1987). During wet ageing both physical (thixotropic
changes) and biological processes (microbial growth) can occur. Thixotropic- or agehardening is caused by an internal rearrangement of clay and water films, causing stronger
bonding between clayparticles (UtomoandDexter 1981a).Maximumthixotropic hardening
occurs at water contents around the Lower Plastic Limit of the soil and becomes less
significant when soil is drier or wetter than this. The particle rearrangements take place
mainly during the first 10days after moulding (Molope et al. 1987 and 1985a; Utomo and
Dexter 1981a), or even, according to Arya and Blake (1972), during the first 24 hours.
Microbial growth, also, can cause increases in stability. Bacterial cells or colonies can
form gel coats, to which clay particles can adhere, thus forming micro-aggregates (Foster
1978; Emerson et al. 1986).Fungi tendtobind particles directly withtheir hyphae (Tisdall
and Oades 1982), and grow onthe outside ofaggregates, thus stabilising macro-aggregates.
The influence of fungi reaches apeak, according to most studies, after 10-15 days (Aspiras
et al. 1971;Metzger et al. 1987; Molope et al. 1987), but Griffith and Jones (1965) found
a measurable influence on stability for up to 36 weeks.
Fromthe foregoing, the following hypotheses about stability changes in earthworm casts
were formulated. Fresh, wet casts are unstable after moulding in the worm gut. During
ageing they will become more stable by thixotropic processes and binding through
microbial activity. Microbial growth will be greater in worm casts compared to artificially
moulded casts because of a higher organic matter content. Bacterial stimulation will lead
to micro-aggregate formation, while fungal growth will stabilise the casts as a whole.
Drying and rewetting casts will increase their stability, independently of other treatments.
An experiment,was designed to test these hypotheses.
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Materials and methods
Soils
Two soils with a similar texture, buthighly different inthe degree of development, were
used in the experiment. The older soil was sampled from a site near the Mount Bold
Reservoir in South Australia (35°04'30"S, 138°42'50"E). The young soil came from the
experimental farm "Lovinkhoeve" in the Noord Oost Polder (Land Parcel S38) in the
Netherlands. Data ontexture and chemical composition are given in Table 5.1.The Mount
Bold soil was sampled and
slightly dried before sieving
with a 2 mm sieve. The
polder soil was air-dried,
sealed into plastic bags,
packed into sealed containers,
and sterilised by y-radiation
before being surface-mailed to
Australia, where it was sieved
through a 2 mm sieve. The
fractions <2 mm of both soils
were wetted to 50 cm suction
on porous ceramic plates.

TaMe51

General characteristics ofthesoilsused.
Percentages aremassfractionstoovendriedsoil
Soil
Lovinkhoeve
(The Netherlands)

Mount Bold
(South Australia)

landuse
%C
% CaC0 3

Arable
2.8
9.3

Grassland
4.8
0.2

PH
texture:
% < 2 um
% 2- 50 um
% 50-2000 urn

7.3 (KCl)

4.8 (1:5 soil/H20)

20
68
12

13
43
44

Earthworms
Worms (Aporrectodea caliginosd) werecollected byhand-sorting from thebotanic garden
of the Waite Institute and from the Mount Bold site. The worms were kept for a week in
moist soil of the same type that they would be put into during the experiment. Fifteen
worms were kept per 5-litre plastic container, filled with 2 kg of wet soil (50 cm suction).
The lids of the containers were lined with moist filter paper to keep air humidity high in
the containers. The containers were stored in a climate room with a day/night regime of
12/12 hours, with temperatures of 16°C at daytime and 14°C at night. No food was added
to the containers. There were two containers with Lovinkhoeve soil and three with Mount
Bold soil.
Collection of wormcasts
The worms were hand-sorted from the soil inthe containers, rinsed clean from adhering
soil and placed overnight on moist filter paper in individual Petri dishes. The filter paper
had been wetted with de-ionised water and brought to 50cm suction on suction plates. The
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had been wetted with de-ionised water and brought to 50cm suction on suction plates. The
next morning, the worms were returned to the soil. The Petri dishes with the casts were
kept cool with ice until analysis or further treatment.
Production of artificialcasts
Artificial casts were made by moulding the wet soil for 2minutes at a gravimetric water
content of 100%,which was the water content of freshly deposited worm casts. The slurry
was then shaped into small casts by pushing it through a syringe with a mouth opening of
1.5mm. The artificial casts were slightly bigger than the worm casts. The water content of
both types of casts was well above the lower plastic limits ofthese soils which would have
been at gravimetric water contents of around 20%.
Furthertreatment
Both the worm casts and the artificial casts were analysed either fresh or after ageing in
a pressure cell (12.5 cm diam, 11.5 cm high) at 50 cm water pressure for either 6 or 42
days. Half the samples were kept in a pressure cell containing a vial with 5 ml of the
sterilant hexanol. Before analysis, half the casts were air-dried, rewetted the next day over
a water vaporiser for 20 minutes, and then left on aporous ceramic plate at a suction of 50
cm for 4 hours. Ten casts were analysed for each combination of treatments.
Analysis
Individual casts were weighed in pre-weighed beakers, and 75 ml deionised water was
added. The casts were soaked for 20 h. Next the soil-water mixture was stirred, and after
1.5 hours the dispersed clay was determined by pipetting a 5-ml aliquot at a 2-cm depth.
The concentration of clay in the sample was assessed by measuring the turbidimetry in a
Hach Ratio Turbidimeter and comparing this with a standard curve. The remaining soilwater mixture was then treated with an ultrasonic probe for 1minute, while being cooled
and stirred. This was expected to bring all the clay into suspension (Wace and Hignett
1988). The clay released was measured again by pipetting after 1.5 hours. The beaker with
the remaining soil was then dried in an oven at 105 °C for 24 hours, and the dry mass
determined after cooling in a desiccator.
Two different methods were used to stir the soil-water mixture after the 20-h soaking.
One method used a paddle-stirrer, which only brought back into suspension the clay that
had dispersed (seeped) out of the cast during the soaking, and the second method used a
magnetic stirrer, which broke down the cast. With the paddle-stirrer, the capacity of the
surface structure to prevent clay dispersion can be tested. The magnetic stirrer, in contrast,
provides information about the dispersion potential of the clay inside the cast. If the clay
is bound into micro-aggregates, the internal stability may be lower than if the micro-
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degree of micro-aggregation.
Worm casts and artificial casts differ in their clay contents (Shipitalo and Protz 1988).
Therefore, the amount of clay dispersed was related to the total amount of clay in the cast
by obtaining the mass ratio between dispersed clay and total clay. This was called the
dispersion index (DI).
Statistical testing
The measurements of the dispersion index were replicated ten times. However, because
the casts ofdifferent ageswerenotkept inthe samepressure-cell, themeasurements cannot
be seen as complete replications of the treatments. Therefore a 2x2x2x2x3 analysis of
variance was carried out on the means of the dispersion index per combination of
treatments, using the PC version ofthe Statistical Package for the Social Sciences (SPSS).
To make the design more complete, 5 of the 10 replicates from age 0 were randomly
assigned to either sterile or non-sterile. Because some internal stability values for the age
of 42 days were missing, only the main effects and two-way interactions could be tested.

1 W NS
2 W S
3 R NS
A R S

INSIDE REWET
'SURFACE REWET
ÖC3l_JS
ABE

Fig. 5.1 Dispersion Index (in %) ofcasts made ofMount Bold soil. W.NS = Worm casts, non-sterile; W,S= Worm
casts, sterile; A,NS =Artificial casts, non-sterile; A,S = Artificial casts, sterile
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IDEWET
'SURFACEWET
INSIDEREWET
SURFACEREWET
cdays
AGE
Fig. 5. 2 Dispersion Index (in %) of casts made of Lovinkhoeve soil. Abbreviations as in Fig. 1

Results and discussion
The results for the Mount Bold soil are given in Fig. 5.1,and for the Lovinkhoeve soil in
Fig. 5.2. The results of the statistical analysis are given in Table 5.2. Dispersion index
values ranged from 50-60% for fresh worm casts, to between 5 and 20% in dried and
rewetted, aged casts. The Lovinkhoeve soil worm casts were generally less stable than
artificial casts made of the same material. This was reflected in a significant main effect.
Both worm casts and artificial casts become more stable with age, but most strongly in the
worm casts, as evidenced by a significant interaction between the factors of age and type.
After ageing for 42 days, the worm casts were still slightly less stable than the artificial
casts. In the Mount Bold soil there was no significant main effect of the type factor, but
there was an interaction with the age factor; the fresh worm cast were less stable than the
fresh artificial casts when analysed wet, but in older casts this pattern was less clear.
Differences in properties of the Mount Bold and Lovinkhoeve soils may explain the
dissimilarities inbehaviour of the two soils asreflected by changes in the dispersion index
inthe worm casts and the artificial casts. The Mount Bold soil isvery old, and most of its
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Table 5.2

Results of analysis

of variance: P values

Factor

Mount Bold

Lovinkhoeve

Main effects
METHOD surface vs inside
DRY-REWET (DRew)
TYPE worm vs artificial
AGE
HEXANOL sterile vs non-sterile

0.000 *
0.000 *
0.000 *
0.076
0.000 *
0.185

0.000 *
0.000 *
0.000 *
0.000 *
0.311
0.018 *

2-way interactions
Method/DRew
Method/Type
Method/Age
Method/Hexanol

0.001 *
0.851
0.157
0.006 *
0.068

0.001 *
0.177
0.450
0.016 *
0.036 *

DRew/Type
DRew/Age
DRew/Hexanol

0.364
0.000 *
0.850

0.002 *
0.945
0.696

Type/Age
Type/Hexanol

0.015 *
0.548

0.040 *
0.521

Age/Hexanol

0.684

0.006 *

*P<0.05

clay is probably aggregated into micro-aggregates. The Lovinkhoeve soil, however, has
undergone structural formation for only 45 years. Therefore the Lovinkhoeve soil may be
more susceptible to the relatively thorough moulding inside the worm gut, than to the less
intensive disruption caused by artificial moulding. This may explain why the ratio between
the dispersion index ofthe artificial casts and that ofthe worm casts was often much lower
for the Lovinkhoeve soil than for the Mount Bold soil.
Asexpected, there were also significant differences between the stability oftheaggregate
surface and the internal stability. Inboth soils the differences between these two measures
of stability were smaller in fresh casts than in older ones. Throughout the experiment, the
changes in internal stability in the two soils were negligible. However, the surface-related
stability inboth soils increased somewhat with ageing. This interaction between the factors
of method and age was significant in both soils. In the Mount Bold soil there was a big
difference between the wet, surface-related stability at the age of 6 days and all the other
wet treatments. Inthe Lovinkhoeve soil thepattern was different; herethe main differences
were between the surface-related stability ofthenon-sterile treatments atthe ageof42days
and all others, which was reflected in a significant interaction between the factors of age
and hexanol. If it is true that the internal stability depends on the percentage of micro-
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aggregates, the absence of change in internal stability during this experiment implies that
practically no new micro-aggregates were formed in any of the treatments.
In both soils, a single drying-rewetting cycle led to a sharp reduction in the dispersion
index and resulted in fairly constant values during the ageing. This is in accordance with
the findings of Shipitalo & Protz (1988). The highest reduction in the dispersion index
caused by a drying-rewetting cycle in Mount Bold soil occurred in fresh casts, and was
reflected in a significant interaction between the factors of age and rewetting. In the
Lovinkhoeve soil the dispersion index did not decrease significantly with age, and only a
main significant effect of the rewetting factor was observed. Regardless of soil type, the
worm casts and the artificial casts reacted similarly upon drying and rewetting. This
suggests that organic binding materials, which are expected to differ in worm casts from
those in artificial casts, do not play a major role in the enhancement of stability upon
drying.
In the non-sterile samples after 6 days a net of fungal hyphae developed on the worm
casts of Mount Bold soil. The appearance of the hyphae was associated with a large
difference between the internal and the surface-related stability. The hyphae were still
present in a melanised form on the casts after 42 days. By this time, a few hyphae were
visible onthe artificial casts. Inthe Lovinkhoeve soil,however, there was only avery slight
development of fungus on some worm casts after 6days, with more growth on both worm
casts and artificial casts after 42 days. This slow rate of fungal growth compared to the
Mount Bold soil may be related to the sterilisation with y-radiation, or to other soil
properties, e.g., the Lovinkhoeve soil is poor in fungal growth in field situations (JA Van
Veen, pers. comm.). In both soils, hyphae were invariably absent in all hexanol treatments,
but inside the casts bacterial growth occurred in all cases (Foster and Marinissen,
unpublished results). The pattern of fungus growth was closely related to the pattern of
surface-related stability in both soils. Because the fungal hyphae formed a net on the
surface of the casts, and are known to bind particles with their hyphae, the stabilisation of
the older casts from both soilswas probably caused bythe growth of fungus onthe surface.

Conclusions
This study confirmed some of the hypotheses formulated in the Introduction. The first is
that, because of moulding in the gut, earthworm casts are susceptible to dispersion when
wet and fresh. This effect seems to be stronger in soils with a low structural organisation.
Bacterial growth occurred in both artificial casts and worm casts, but as far as could be
measured by the methodology used, this did not lead to a higher number of micro88
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aggregates. Direct estimation of the amount of micro-aggregates will be necessary in the
future. However, it is likely that repeated stimulation of bacterial growth, probably in
combination with drying-rewetting cycles, causes the formation of micro-aggregates over
a number of cycles of cast formation. Worm casts can become colonised by fungi very
quickly, and this will increase surface-related stability. The stability of surface-sterilised
casts of both types, when subjected to ageing, did not increase as much as that of casts of
the non-sterile treatments. This implies that the biological processes were more important
than the age-hardening. This is probably because earthworm casts are too wet for
thixotropic processes to occur to a significant effect. One drying-rewetting cycle produced
an instant increase in stability, butthe same levels of stability came about by fungus grown
on casts of Mount Bold soil after 6 days. However, it can be assumed that the effects of
drying-rewetting will be more persistent with time than the effect of the hyphae.
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Summary
Earthworms were fed soil from two polders, differing in age and land use, permanent
grassland and arable field. Casts were analysed directly or after ageing. Both sterile and
non-sterile casts were used, to study the role of microbial activity in stabilisation of casts.
To establish the role of polysaccharides in aggregate stabilisation, dispersability in Kperiodate/K-borate wascompared tothatindemineralised water. Polysaccharide content was
measured in untreated, water-treated and periodate-treated samples. The results for cast
material were compared to field aggregates of comparable size, which were treated in the
same way as the casts (sterilisation, ageing, periodate).
Ageing did not affect the stability of water-treated field aggregates. Fresh water-treated
earthworm casts were very unstable. Casts from old soil were more stable than casts from
young soil, and those from grassland were much more stable than those from arable soil.
Field aggregates from arable soil were much more susceptible to periodate treatment than
aggregates from grassland, as was the case in casts. Casts and field aggregates from old
grassland soil were least affected by periodate.
Both water and periodate treated casts became more stable within the first 4 weeks of
incubation. This increase in stability occurred both in sterile and non-sterile casts, so
microbial activity wasnotnecessary for stabilisation ofwetearthworm casts. Polysaccharide
content within treatments did not vary over time, so changes in stability of wet earthworm
casts were not related to changes in amount of polysaccharide. We conclude that
reorientation of clay particles, leading to closer contact between particles and/or binding
substances may explain stabilisation in continuously wet earthworm casts.
Earthworms strongly increase the mobility of clay, and thereby they may also liberate
organic matter that was physically protected by the clay. In wet casts, ittakes a few weeks
before the dispersion of the clay is reduced again, possibly enabling enhanced
decomposition during thoseweeks. Theeffect ofearthworms onliberation oforganicmatter
will be stronger in relatively unstable soil.

Introduction
The size distribution and stability of aggregates are important attributes of soil structure.
Aggregates are formed and broken down continuously. Newly formed aggregates are not
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very stable (Mehta etal. 1960; Chaney and Swift 1986;Emerson and Dettman 1959). With
time, aggregate stability often increases, but it may decrease again later. Differences in
aggregate stability can only be understood if formation of aggregates and processes
affecting their stability areconsidered separately (Allison 1968; Skinner 1986). Aggregates
canbeformed by shrinkage following drying, ice-lenses orroots splitting clods into smaller
aggregates, tillage operations, and egestion by burrowing soil animals.
Stabilisation of a newly formed aggregate can result from different processes. Stability
of aggregates isdue tobonds between particles varying in size from very fine clay platelets
via micro-aggregates to large sand grains (Tisdall and Oades 1982). Bonds can vary from
electrostatical attraction to chemical linking (Emerson 1959).
Under wet conditions, stability may change by thixotropic processes, which involve
rearrangement of the clay particles and their surrounding water films (Utomo and Dexter
1981b). Ifdistances between clayparticles arereduced, aggregate stability increases (Blake
and Gilman 1970; Kemper and Rosenau 1984). Arya and Blake (1972) and Molope et al.
(1985a) found enhanced stability by thixotropic changes within 3days.
Organic products, suchaspolysaccharides, canstabilise aggregates, too.Microbial growth
hasbeen reported toenhance aggregate stabilisation, especially whenmicrobes have enough
substrate (Skinner 1978; Chaney and Swift 1986). The stabilising effect of microbes is
usually attributed to their production of polysaccharides, which can bind together mineral
soil particles. Mixing soil with microbial polysaccharides indeed increases stability of
aggregates (Chaney and Swift 1986, Chapman and Lynch 1985). Roberson et al. (1991)
found a positive correlation between polysaccharide content, microbial biomass C and
stability of aggregates. Cheshire et al. (1984) and others studied the influence of
polysaccharides indirectly by destroying the polysaccharide with periodate. Particulate
organic matter can also play arole in aggregate stabilisation: by adhering to clay particles
larger aggregates can be held together (Tisdall and Oades 1982).
All these processes of stabilisation after the formation of aggregates can only occur ifat
least part of the clay particles present are mobile, so that they can come into closer contact
with other particles and binding products.
Inmany papers about aggregate formation and stability the role ofthe soil fauna is ignored.
Yet, earthworms, which are large soil ingesting soil animals, canoverturn upto 25%ofthe
Ah horizon in oneyear (Lee 1985,pl82), and thus canbe major aggregate forming agents.
Earthworms ingest both mineral material and organic fragments. In the gut large amounts
of watery mucus are added, and the soil is kneaded thoroughly (Barois et al. 1993). In this
way field aggregates are remoulded and existing bonds between particles are disturbed and
clayparticles aredispersed duringpassage. Newly formed earthworm casts arevery wetand
unstable aggregates. The wet state favours thixotropy. Furthermore, the casts quickly lose
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some of the water by evaporation or capillary suction of the surrounding soil, which
enhances their physical stabilisation. Stabilisation ofwet earthworm casts may be increased
by microbial activity, o.a. by production of polysaccharides, in addition to the physical
effects. There is awealth of literature about stimulation of microbial populations in soil by
earthworms (e.g. review by Satchell 1967). Direct binding by fungal hyphae can also help
stabilise earthworm-formed aggregates (Marinissen and Dexter 1990). Furthermore, many
coarse organic fragments present in the casts may exhibit binding properties.
The relative importance of the different binding processes may alter when the casts dry,
and aclose contact between clay and organic material isestablished. Organic bonds formed
after drying aregenerally strong, soonly sturdy methods canreveal differences inaggregate
stability in casts differing in amount and type of organic materials. In wet casts, changes
in aggregate stability are partly due to subtle differences in the position of clay in relation
to organic matter, and can be measured with relatively gentle methods.
We designed an experiment in which we tried to separate the possible stabilising processes
in wet casts. We used soil from two polders (one old and one young) from fields with
different land use (arable and permanent grassland). To establish the relative contribution
of physical and microbial processes we sterilised half of the samples by y-irradiation. The
microbial populations inthe non-sterilised aggregates were evaluated by direct counts using
soil smears and selective staining for bacteria, total fungi and active fungal hyphae. The
sterility ofthey-irradiated samples was checked using plate-countings. To evaluate the role
of polysaccharides, aggregates were treated before analysis with either water or Kperiodate/K-borate solutions. Periodate disconnects C-bonds inhydroxy-groups, borate will
dissolve the remaining products (Churchman and Tate 1986; Emerson et al. 1986). Borate
could also dissolve humic substances of lowmolecular weight (Angers and Mehuijs 1989).
Most studies use the more soluble Na-salts of periodate and borate, butto minimise effects
on dispersion by the cation we used K-salts instead. Furthermore, the polysaccharide
content of field aggregates and worm casts was determined in untreated, water-treated and
periodate-treated material.

Materials and methods
Soils used
The soils used are from two polders, reclaimed from marine sediments, one old (Bildt
polder in Friesland, reclaimed around 1550) and one young (Noordoost Polder, reclaimed
in 1939). Ineach polder, sites were chosen under twotypes of land-use: grassland since the
reclamation and arable land. Soil material from thetop 10cm ofeach ofthefour fields was
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sampled in February. The soils will be referred to as: OA (old arable), OG (old grass), YA
(young arable) and YG (young grass). Some characteristics of the soils are given in Table
6.1. Both young soils, but especially YG, were lower in clay content than the old soil. In
all soils except OG around 90% of the exchangeable cations consisted of Ca2+. In OG this
was 80%. The OG soil had much higher amounts of Ca2+ and Mg2+ at the exchange
complex than the three other soils. X-ray diffraction analysis showed that all soils had
similar clay mineralogy, which was dominated by illite (mica), with some kaolinite and
smectite. In the old soils smectite contents were slightly higher, at the expense of illite.
Table 6.1

SOIL

Characteristics of the soils used
Texture
<2u 2-50 >50u

PH

CaC0 3

(%)

Base
saturation

org
C

(%)

(%)

93.4

nd"

3.9

24.1

5.8

2.7

37.6

96.3

6.9

24.8 62.0 13.2

7.5

10.4

17.9

100.0

2.8

9.5 57.3 33.2

6.9

6.1

18.2

100.0

nd'>

OA

29.9 46.1 24.0

OG

34.4 41.5 24.1

YA
YG

6.0

CEC
(meq/100
g)

'>nd = non determined

Production of wormcasts
After air-drying, the soil was sieved through a 2mm sieve, and slowly wetted on
sandbeds to a suction of-50 cm. PVC-rings of 2.5 cm height were filled with 10g of soil,
and closed with fine netting. The rings were placed inplastic containers on abed of coarse
aggregates of the same soil type at a suction of -50 cm. Adult Lumbricus rubellus
earthworms, reared on compost, were kept for four days in wetted soil of the same origin
and structure (sieved <2 mm) as used later in the experiment to get them used to soil and
fill their guts with soil. The soil was renewed after two days, to remove even the last
compost remains.
In every ring 2 earthworms were kept for 24 hours. After removal of the worms, half of
the plastic containers were sterilised byy-irradiation (4 MRad, using a'"Co-source), for 24
hours (Heijnen et al. 1988). Cast material (sampled by hand) was analysed either
immediately after removal of the worms or after sterilisation, or after storage of the rings
for 1, 2, 4, 8 and 20 weeks at a constant temperature of 15 °C, in dark in their closed
containers. Casts from the sterile rings were collected under sterile conditions using a
laminar flow cabinet.
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Incubation offieldaggregates
Field aggregates 3-4.8 mm in size were obtained by sieving the air-dried soil, and wetted
on sandbeds to a suction of -50 cm. They were mixed with soil sieved over 2mm, brought
at a suction of -50 cm, in rings in containers on a bed of coarse aggregates. Half of the
containers was y-irradiated. All containers were stored at a constant temperature of 15°C,
in dark. Analyses were performed at day 0, and after 8 and 20 weeks of storage.
Dispersionmeasurements
All dispersion measurements were replicated 5 times. Two to four moist casts were
weighed onto a glass microfibre filter in small sintered glass crucibles, that were placed in
slightly larger beakers. Twenty-five ml of either demineralised water or a 0.02 M KI0 4 solution was carefully added to the beakers, to fully submerge the casts. After 6 h, the
solution was removed by placing the crucible on a rubber ring in a funnel that was
evacuated with awater pump. The same procedure wasthenrepeated with 0.05 M K-borate
solution incase of the periodate-treated samples, or with water in case of the water-treated
samples for 2 h. Extraction times and concentration of solutions were according to those
used by Shipitalo and Protz (1989). After the two extractions, the filters with aggregates
were moved from the crucibles into small glass beakers. Carefully, 25 mlof de-mineralised
water was added. Next, the beakers were left for 18 hours. Any clay dispersed from the
casts was mixed into the supernatant water using apaddle stirrer (50 rpm) for 30 sec 2cm
under the water surface, so that the stirrer did not touch the casts (Marinissen and Dexter
1990). A small quantity of the suspension was pipetted off after 1.5 h at a specified depth
(according to Stoke's law) to determine the clay content. The extinction of the suspension,
measured with a spectrophotometer at a wavelength of 420 nm, was translated into clay
content by comparison with a standard curve. This standard curve was derived from a
dilution curve of a suspension of known amount of clay (determined gravimetrically). The
water content of casts and field aggregates was measured each sampling day on a
subsample.
The fraction of dispersed clay as percentage of the total clay present is called the
dispersion index (DI). The clay content of the material was established by treating some
cast material and field aggregates ultrasonically, and measuring the clay afterwards. Very
stable aggregates sometimes gave negative DI-values. This is due to errors in the light
transmission measurement. The DI-measurements of the first week were omitted from all
analyses, because the glass filters used at that time were of a brand that swirled up during
the dispersion measurements, which caused additional dispersion bydisturbance of the cast
on the filter.
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Polysaccharidemeasurements
After the dispersion measurements, the content of the beakers waspoured into a sintered
glass runnel lined with a glassfibrefilter, andthe solution was pumped off by suction with
a water pump. The soil material with the filter was then frozen in little plastic containers
and stored at -20°C until further analysis. At each sampling occasion untreated casts were
frozen too for later analysis.
For thepolysaccharide analysis 0.5 ml 12MH2S04 was added tothe samples, after which
the containers were left at room temperature for 16 h. Next, 11.5 ml of water was added,
and the samples were placed in a water bath at 100°C for 5 h. The solution was then
centrifuged to remove the fibres of the filters and the sand. The supernatant was analysed
for neutral sugars and uronic acids using an auto-analyser according to the methods
described by, respectively, Tollier and Robin (1979) and Thibault (1979), modified by
adding 0.0125M tetraborate tothe sulphuric acid. Polysaccharide was analysed intriplicate.
Earthworm casts of all ages but only part of the field aggregates (from day 0and week 20)
were analysed for polysaccharide. The other samples were lost due to a breakdown of the
freezer.
Microbialbiomass
Theeffect ofy-irradiationwastested byplating on 10%Trypton SoyaAgar; all irradiated
samples hadremained sterile.Innon-sterile casts andfield aggregates bacteria were counted
in europium-chelate stained soil smears and total length of fungal hyphae was estimated in
soil agar films stained with photine (Hassink et al. 1991). Metabolically active fungal
hyphae were measured on membrane filters stained with fluorescein diacetate (Söderström
1977). Bacterial numbers and fungal lengths were converted to biomass as described by
Van Veen and Paul (1979).
Statistics
ANOVA was used to analyse the data. T-tests were used to establish significance of
differences between pairs of observations. In the Results and Discussion sections only
significant differences (P<0.05) are mentioned.

Results and interpretation
Stability offieldaggregates
The dispersion after water treatment of field aggregates was very low and did not vary
over time (Fig. 6.1A+B). Differences between the four soils were negligible, indicating that
age of soils, clay content or cultivation history didnot influence water dispersion measured
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this way. Adding periodate and borate strongly increased the dispersion, and differences
between the soils appeared (Fig. 6.1C+D). Field aggregates from the two grassland soils
were least affected by periodate, indicating an influence of land use on the susceptibility
of aggregates to periodate. Aggregates from the old polder were significantly more stable
than those from the young polder. Stability varied little with incubation time in all soils.
Only in OA, the dispersion after periodate treatment was higher in week 8than at the start
and the end of the experiment, but this difference was only just significant for the nonsterile treatment (Fig. 6.1c). Sterilisation did not markedly affect the stability of either
water- or periodate treated field aggregates of any of the four soils.
Stability of wormcasts
Fresh, non-sterile worm casts always dispersed more strongly in water than the field
aggregates of the same soil. Dispersion varied with land use and soil age: casts from
grasslands were more stable than those from arable land and casts from old soil were more
stable than those from younger soil. This pattern did not coincide with clay contents of the
soil. Stability of the casts invariably increased strongly in the first 2-4 weeks to more or
less constant levels (Fig. 6.2A).
Sterilisation of fresh casts immediately increased stability, especially in the two arable
soils at day 0. During ageing in the first 2-4 weeks stability of sterile casts (Fig. 6.2B)
increased to the same level as that of non-sterile casts (Fig. 6.2A), so this increase in
aggregate stability cannot be explained by microbial activity.
Periodate-treatment strongly increased dispersion offresh casts (Fig.6.2C+D). Casts from
arable soils, especially OA, were much more susceptible to periodate treatment than those
from grasslands. Again, this pattern didnot coincide withthe clay contents of the soils. The
stability increased in the first 2-4 weeks in all soils and all treatments. Sterilisation of fresh
casts led to more stable aggregates inperiodate, especially in casts from arable soil. In the
non-sterile casts ofthe two arable soils the initial decrease indispersion after periodate was
followed bya significant increase after 8weeks, especially incasts from OA. This increase
was not observed for sterile casts.
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Polysaccharide content
Inbothfield aggregates andworm casts thepolysaccharide content varied littlewithtime
inthe different treatments and soils. The sum of neutral sugars and uronic acids (less than
4% of total polysaccharide) of field aggregates and worm casts is represented in Fig. 6.3.
Total polysaccharide contents were significantly higher in grassland than in arable soils,
especially in the oldest soil (OG). The low polysaccharide content in YG might be due to
the low clay content of the soil. Clay particles can protect polysaccharides against
decomposition (Cheshire et al. 1979). There was no significant difference in total
polysaccharide content between young and old arable soil, even though the young soil was
much lower in clay content than the old soil. Water treatment reduced polysaccharide
contents to the same degree in the two arable soils, while YG had only slightly higher
residual polysaccharide content than the two arable soils. OG retained considerably more
polysaccharide after water treatment than the other three soils. After periodate-treatment
much lesspolysaccharide remained, butagainthecontent inOGremained much higher than
in the other three soils. However, the percentage (of the amount present in untreated
aggregates) remaining after water and periodate treatment was similar for all soils, viz.
about 70-90% after water treatment, and 40-50% after periodate treatment.
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Fig. 6.3 Total neutral polysaccharide content in field aggregates and earthworm casts from the 4 soils
For abbreviations of soil names see legend Fig. 6.1
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Microbialgrowth
The y-irradiated field aggregates and casts remained sterile throughout the experiment.
The microbial biomass of non-sterile field aggregates and casts ispresented in Fig. 6.4. Of
field aggregates, OG had the highest microbial biomass. The relatively low values for
microbial biomass in YG might be due to the low clay content. No changes in biomass of
bacteria and fungi with time were observed inany type of field aggregates. Fresh casts had
microbial biomass similar to field aggregates from the same site. Microbial biomass in the
casts increased in the first few weeks of incubation. In casts of OG, the biomass increased
considerably to a constant level after 4-8 weeks. In OA casts the microbial biomass
increased temporarily during thefirsttwoweeks, and later declined tovalues slightly higher
than in field aggregates. In casts from YA and YG soils microbial biomass first increased
and later decreased but these changes were not statistically significant. The percentage
active biomass of the total fungal biomass was 1-10% initially, but peaked to 10-20%
during the early weeks of the experiment incasts of all 4 soils (Fig. 6.5). Percentage active
fungal biomass of all soils except OA returned to the level of field aggregates at the end
of the incubation period. In OA, however, the percentage active hyphal biomass declined
more strongly to values even lower than found in field aggregates. This decline in active
hyphae coincided with a strong increase in the susceptibility to periodate treatment of this
soil (Fig. 6.2c).

— ô — OA
—A— OA

—*— OG
—A— OG

—©— YA
— O — YA

—•— YG WC
—•— YG FA

30

16 18 20
TIME(weeks)

WC-worm casts
FA=field aggregate

Fig. 6.4 Development of total microbial biomass during incubation of field aggregates and earthworm castsfrom
the 4 soils. For abbreviations of soil names see legend Fig. 6.1
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see legend Fig. 6.1

Discussion and conclusions
Aggregate stability was measured in such a way, that differences between relatively
unstable aggregates, like freshly formed wet earthworm casts, could be revealed. For the
more stable field-aggregates, dispersion in water was not sufficiently disruptive to reveal
differences in aggregate stability. However, differences between wet earthworm casts from
different soils might reflect differences in stability of undisturbed aggregates (Chaney and
Swift 1986), in the sense that during production of casts, earthworms can disrupt soil
material with a high aggregate stability less than soil material of lower stability. Newly
formed earthworm casts from oldpolders had the highest stability in water, and casts from
grassland soil were more stable than from arable land, especially in the old polder.
Marinissen and Dexter (1990) found that artificial aggregates of old soil from Australia
more closely resembled worm casts than aggregates made from young Dutch polder soil.
In the young soil the worm casts were much more easily dispersible than artificial casts.
Hindell et al. (1994) found that dispersion was higher in artificial casts than in earthworm
casts, which they related to the higher force used to make artificial casts. Earthworms can
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only exert a pressure of 1.6 kPa in their gut (McKenzie and Dexter 1987). The results of
all these studies indicate that earthworms can significantly mobilise clay, but more so in
relatively unstable soils.
Sterilisation of fresh casts slightly increased the stability in case of grassland soils, and
strongly increased stability of arable soils, at least initially. This contradicts results by
Tisdall etal. (1978), whofound thaty-irradiation decreased aggregate stability. Griffith and
Burns (1968) attributed the loss in stability after irradiation to changes in the binding
properties of the polysaccharides. Inour experiment the total amount of polysaccharide did
not change by sterilisation, but we have no information on the type of polysaccharide.
Sterilised and non-sterilised samples had the same water content, so drying could not
explain the increased aggregate stability by sterilisation. Tisdall et al. (1978) and Griffith
and Burns (1968) did not wet their soil to levels as high as the very wet earthworm casts
thatwereused intheexperiment described here.Perhaps, irradiation caused arearrangement
of the dispersed clay particles in wet casts.
Aggregates are susceptible to periodate/borate treatment, for several reasons. First, the
treatment destroys polysaccharides, which may bind clay particles. Hence, differences in
polysaccharide contents may result in differences in susceptibility to periodate. However,
absorbed K+from periodate and borate solutions mayhave caused increased clay dispersion
upon bringing the samples in demineralised water before analysis. The strong drop in salt
concentration could cause swelling of the double layer and increased dispersion. Shipitalo
and Protz (1989) showed such a cation effect on clay dispersability even at low
concentrations, butthey used Na+which isastronger disperser thanK+.The effect of cation
and periodate will probably vary during incubation, even though the moisture content and
salt concentration are kept even. If, during ageing, micro-aggregates are formed by
rearrangement of clay particles, these structures can be less accessible to both K+ and
periodate.
The lower susceptibility toperiodate of grassland aggregates than aggregates from arable
land, is in accordance with the findings of Greenland et al. (1962) and Clapp and Emerson
(1965). Field aggregates of OA were much more sensitive to the periodate treatment than
those from YA, may be due to the presence of free CaC0 3 in YA, causing high levels of
Ca2+, which restricts the influence of cation/periodate-treatment (Clapp and Emerson 1965;
Greenland et al. 1962). The stability of periodate-treated field aggregates did not change
over time, which indicates that ageing does not influence stability in aggregates that have
not recently been disturbed.
The much higher susceptibility to periodate-dispersion of fresh casts from arable soil in
OA than in YA could be due to the presence of free CaC03 in YA. In this experiment,
worm casts did not contain significantly more polysaccharide than field aggregates, and
changes inpolysaccharide content overtheincubation periodwere insignificant. Yet,during
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ageing casts became less susceptible to periodate treatment. This increase in stability
occurred both in sterile and non-sterile casts. Sterile and non-sterile casts could differ in
quality of polysaccharide, either through its chemical composition or the location of the
polysaccharide. Harris et al. (1963) found that manually added polysaccharide was more
sensitive to periodate treatment than polysaccharide that was produced in situ, probably in
the form of mucigels that were encrusted, and thus protected, by clay particles (Foster
1985). However, the increase in stability of periodate treated casts also highly resembled
the pattern of development of stability inwater treated earthworm casts. This indicates, that
the increase in stability was mainly due to a closer rearrangement of clay, while increased
binding by polysaccharides did not play a role in the wet state of the casts. The
rearrangement of clay would lead to lower sensitivity to both the K+and the periodate.
Many authors (e.g. Griffith and Jones 1965; Harris et al. 1963 and 1964) state that
microbial effects areimportant forthe stabilisation ofaggregates. However, inmost ofthese
papers, aggregates were dried before analysis. Blake and Gilman (1970) did not find a
difference between stability development inwet artificial aggregates under sterile and nonsterile conditions. We also did not find evidence for stability increase due to microbial
activity inwet earthworm casts. Theresults presented inthis study donot necessarily mean
that (microbial) polysaccharides do not play a role in stabilising earthworm casts. Whether
or not earthworm casts are dried may modify the predominance of one or more of the
possible stabilising processes. E.g.,purely thixotropic changes are only possible as long as
the casts are wet, while drying may be necessary for the organic material (both particulate
organic material and polysaccharides) to form bonds. Kladivko et al. (1986) found a strong
positive correlation between the numbers of earthworms per pot and the stability of
aggregates ifthe aggregates were analysed wet.After drying, aggregate stability was mainly
determined by the type of plant remains, although the effect of earthworms was still
significant. Shipitalo and Protz (1989) hypothesised that drying increased the formation of
bonds through organic material, partly inthe matrix (influence of polysaccharides), but, in
their view, mainly through coarse plant debris that links the internal parts of the aggregate
together. The type of particulate material remaining from different food types influenced
the increase in stability. For example, casts of Lumbricus terrestris contained fewer plant
remnants andhad alower stability than dried casts from L. rubellus.Binding through coarse
organic debris is also known from other studies: Churchman and Tate (1986) andRoberson
et al. (1991) found larger differences in organic matter amended treatments using dried
aggregates than when using wet aggregates.
The lowclay contents intheyoung soils, especially inYG, didnot seem to influence the
pattern of dispersability. It seemed to influence the amount of microbes present and/or
active and the amount of polysaccharide present, but these factors did not affect
development of stability in wet casts.
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Whatever process influences the stability of aggregates, an important prerequisite is that
the clay present is able to move and rearrange itself around binding organic material.
Earthworms, bymixing soil withwatery mucus intheir gut, areefficient inmobilising clay,
and they also mix in organic matter so that new binding sites are created. Doing this, they
may influence organic matter dynamics: intheir gut physically protected organic matter is
freed from the clay particles, and remains unprotected for a while in wet casts, thus
potentially enhancing mineralisation. After drying alarger part ofthe organic matter present
isoccluded and isthereby protected from quick disintegration inthe highly stable drycasts.
In earthworm casts of grassland soil the clay was less mobile than in those from arable
land, which may mean that the more stable aggregates are present, the less clay, and thus
also occluded organic matter, can be mobilised by worms. However, in worm casts from
all soils the clay was much more mobile than inuningested soil during the first two weeks
after formation. The dispersed state of the clay may facilitate mineralisation in fresh wet
casts of all types of soil, but the effect of earthworms on decomposition will be highest in
unstable soils.
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Abstract
To study the influence of soil structure on organic matter decomposition, and the possible
role of earthworms therein, aggregates of the size of earthworm casts (3-4.8 mm) were
sieved from air-dry soil of three arable fields. Due to different management histories (in
terms of manuring, ploughing and pesticide use) organic matter contents and earthworm
population densities varied markedly between the fields. The fraction of aggregates that
withstood wet sieving was determined and collected. Organic Ccontent and the short-term
C-mineralisation rate of the organic matter was measured after grinding in the dry-sieved
total 3-4.8 mm fraction and in the stable aggregates, and calculated for the unstable
aggregates. C-mineralisation of sonicated samples was used to evaluate effects of physical
protection of organic matter.
The percentage of water-stable aggregates increased with earthworm numbers, though
stable aggregates were also found in the field without earthworms. In all cases, stable
aggregates of all fields had significantly higher organic C-content than the total fraction.
The C-content in stable aggregates from the field with high organic matter inputs was
significantly higher than from the two fields with low organic inputs. These two fields did
not differ in C-content of stable aggregates, even though they only shared the same
treatment in the last 5years, after 35 years of different organic management. On the other
hand, after only 5 years of different management, fields that had shared 35 years of
identical high organic matter input levels differed highly in earthworm numbers and Ccontent of stable aggregates.
Organic matter appeared to bebetter protected instable than inunstable aggregates. Yet,
mineralisation washigher inthe ground material from stable thanfromunstable aggregates,
at least in the conventionally managed fields with no or few earthworms. However, in the
fieldwith highest organic matter inputs and earthworm numbers, the decomposability ofthe
organic matter in stable and unstable aggregates was comparable. The reasons for this
remain unclear. Differences between the aggregate fractions of the three fields in
decomposability might indicate that in the integrated field stable aggregates form more
quickly or persist longer than in the conventionally managed fields.
This study provides strong indications, but no proof, that earthworms stimulate these
processes of C-enrichment and stabilisation of macro-aggregates.
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Introduction
Soil organic matter isnot ahomogeneous material, butamixture of different fractions, each
with itsown decomposition rate (e.g.Parton etal. 1987).Theorigin andreal nature ofthese
fractions isstill unknown, butcanbeassociated witheither the chemical composition ofthe
material or with physical protection, e.g. by associations between clay and organic matter
(Van Veen et al. 1985). However, also soil macro-structure might exert an important
influence on decomposition rate, depending on the precise location of the organic matter
inthe soil profile and within the soil structural elements (Beare et al. 1994a and b).Organic
material can beprotected against decomposition when itispositioned inpores too small for
bacteria to enter (protected pore space, Postma and Van Veen 1990), or it can be inside
large aggregates, which can become partially anaerobic by slow oxygen transport through
the small intra-aggregate pores (Rappoldt 1990). The protection will only exist as long as
the aggregate remains intact, so stable aggregates willprovide ahigher degree of protection
than unstable ones. Protection in stable aggregates might further be promoted by greater
abundance of organo-mineral complexes (Shaw and Pawluk 1986), through close contact
between clay and organic material inthese complexes. The organic Cthat is preferentially
incorporated in stable aggregates might also differ in decomposability from the rest of the
soil organic matter (Elliott 1986, Beare et al 1994 a and b).
In the process of incorporation of litter into the soil aggregates, earthworms play an
important role.They areoften the dominant soil ingesting animals. Earthworms can destroy
and form organo-mineral complexes intheir gut(Barois etal. 1993).After excretion ofthe
casts the formation of new micro-aggregates still proceeds (Marinissen et al., submitted).
Earthworms also influence macro-aggregate stability (Shipitalo and Protz 1988;Marinissen
and Dexter 1990). Marinissen (1994) found a strong correlation between macro-aggregate
stability and actual earthworm numbers, using a range of fields from a Dutch polder,
including those used in the experiment described in this paper. Aggregate stability is a
transient soil characteristic (Kandeler and Murer 1993, Marinissen 1994). Aggregate
stability therefore quickly reacts to changes in earthworm density: after suppressing
earthworms for one year (Blair et al., in press), Ketterings et al. (1993) found significant
reductions in stability of large aggregates. Earthworm casts contain more organic matter
than uningested soil (Shipitalo and Protz 1988). Earthworms also enhance aggregate
stability. Therefore, in the present study we hypothesised that a higher fraction of the soil
organic Cpool will be incorporated in stable macro-aggregates with increasing earthworm
activity. This would also lead to a higher proportion of the organic matter that is, at least
temporarily, protected from decomposition.
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Methods
In March 1992, soil samples were collected from the top 5 cm of three arable fields
differing in management history. The soil was a calcareous silt loam (Typic Fluvaquent),
with apH of 7.5 and organic matter contents varying between 2.2 and 2.8 % depending on
management. For 35years fields either received organic manure (Block A)orNPK fertiliser
only (Block B). Then, 5 years before sampling, on half of each block, management was
changed to 'conventional' (medium organic matter input, consisting of crop- and intercropremains, high level NPK-fertiliser, chemical pest- and weed-control) or 'integrated' (high
organic matter input, consisting of crop- and intercrop-remains plus manure or compost,
reduced NPK-fertiliser and reduced chemical weed- and pest-control). For details of the
management see Lebbink et al. (1994). As a result of these differences in management, at
the time of the study, earthworms were absent inthe B-block (referred to as Conv-B), very
numerous (maximum of 700 individuals per m2)inthe integrated field onthe A-block (IntA) and low in numbers (maximum of 20 per m2) on the conventional field on the A-block
(Conv-A) (Marinissen 1992 and 1994). In the Int-B field, earthworms were starting to
colonise (Marinissen and Van den Bosch 1992), the irregular earthworm distribution kept
us from sampling this field.
The soil was air-dried in the laboratory and sieved into different aggregate size classes.
In October 1993,part of the 3-4.8'mm fraction was separated into 'stable' and 'unstable'
aggregates by wet sieving (prewetting of 40 g dry aggregates with a plant sprayer, sieve
size 20cm diameter, 3mmmesh-size, sieving time 3minutes, strokelength 3cm, frequency
0.5 cycle per second). The stable aggregates remaining on the sieve, were dried at 40 °C
for 48 h (found to give comparable results to 24 h at 105°C) and ground to pass a 0.5 mm
sieve. Another part of the 3-4.8 mm fraction was prewetted in the same way, and
submersed for 3minutes, but not sieved, and also dried and ground. C- and N-content were
measured using a Carlo-Erba combustion C/N-analyser after removal of carbonate-C with
HCl (Nieuwenhuize et al., in press). For mineralisation measurements, we used ground
material to prevent that small differences inmean aggregate size between the fields would
influence the mineralisation. For each sample, 3.5 g of air-dry material was wetted to just
below saturation in 130 ml closed serum bottles with a septum in the lid. To find the
amount of water needed, water was added to a spare sample until ponding occurred. The
samples used in the experiment were wetted with slightly less water. After 1,2, 8, 17and
23 days, C0 2 in the headspace was sampled with a syringe and measured using gaschromatography (Becker 722 with a silica gel column, 50m *0.25 mm, thermal detector).
If the C02-level in the bottles reached 1%, the headspace gas was replaced by ambient air
of known C02-content. After 49 days 20 ml of demineralised water was added to the
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bottles, and the samples were sonicated using a 600 Watt ultra-sonicater (at 40% of total
power) with a stepped 3mm microtip during 40 seconds with intervals, so that pulses were
given for 70% of the time. C-mineralisation of the sonicated samples was measured over
a period of 11 days. Mineralisation both before and after sonication is presented as
percentage of organic Cpresent at the start of the incubation.
Statistical analysis was done using ANOVA with additional T-tests to test differences
between pairs of observations (PO.05). C-content and the quantity of potentially
mineralisable C in unstable aggregates was calculated as follows:
Cu= Ct - s *Cs
(100 - s)
in which

Cu = C-content or mineralisation of unstable aggregates
Ct = Mean C-content or mineralisation of total fraction 3-4.8 mm
aggregates
Cs = C-content or mineralisation of stable aggregates
s = % of stable aggregates

Because the samples of the total fraction and those for stable aggregates, were not
dependent, no statistical analysis could be performed with data on unstable aggregates.
However, if significant differences occurred between stable aggregates and the total
fraction, this means that also unstable aggregates will differ significantly from stable
aggregates. When significant differences between stable andtotal fraction occurred, wewill
relate this to the difference between stable and unstable aggregates in the following text.

Results and interpretation
In all fields, also in the absence of earthworms (Conv-B field), stable aggregates were
present. However, aggregate stability significantly increased with increasing organic matter
inputs and increasing density of earthworms: in Conv-B only 2.9+1.3 % of the 3-4.8 mm
fraction was water-stable, against 8.1+2.2 in Conv-A and 12.1+2.4 %in Int-A.The organic
C-content of the total fraction was lowest in Conv-B and highest inInt-A (Fig. 1).In each
fieldstable aggregates had significantly more Cthan unstable aggregates. The C/N ratio of
the organic matter in the different aggregate fractions did not differ (data not shown). Ccontent of stable aggregates was significantly higher in Int-A than in the other two fields.
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Conv-B

Tota

Conv-A

Stable

Int-A

Unstable

Fig. 7.1 Organic C-content of macro-aggregates (3-4.8 mm) from three different fields differing in managementhistory. Int-A:Organically managed for 35 years, followed by 5years of 'integrated' management (for details see
text). Conv-A: Organically managed for 35 years, followed by 5years of 'conventional' management (for details
seetext).Conv-B: NPK-fertilised only for 35years, followed by 5yearsof'conventional' management (for details
see text)

The differences in aggregate stability and C-contents of stable aggregates led to large
differences inthe distribution of the total Ccontained in the 3-4.8 mm fraction over stable
and unstable macro-aggregates in the three fields: in Conv-B only 3.5% of the total C in
the 3-4.8 mm fraction was inthe stable aggregates, the rest inunstable, whereas it was 9%
and 15%for Conv-A and Int-A respectively.
C-mineralisation, expressed as the mass fraction (%) ofthe Coriginally present, did not
differ significantly between stable aggregates from thethree fields (Fig.7.2). Mineralisation
of Cfrom stable aggregates was significantly higher than that from unstable aggregates in
two of the three fields (Conv-B and Conv-A; Fig 2), but in Int-A stable and unstable
aggregates had the same C-mineralisation.
After ultrasonic treatment, mineralisation rates were much lower than before (data not
shown), probably because anaerobic conditions occurred in the fully submerged soil
material. Therefore, it isnot possible to compare decomposition before and after sonication
directly. However, ratios within treatments can be compared, e.g that between
mineralisation in stable aggregates and total fraction. The ratio of mineralisation of stable
and total fraction invariably increased by sonication (Table 7.1). These ratios should be
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Fig. 7.2 Cmineralised after 23 days of incubation as %of total organic Cpresent in air dried and ground macroaggregates (3-4.8mm) from three different fields differing inmanagement-history. Forabbreviations offieldnames
see legend Fig. 1.Total: total fraction of macro-aggregates (only wetted). Stable: aggregates retained onthe sieve
after wet-sieving. Unstable: calculated mineralisation from aggregates fallen through the sieve during wet sieving.

interpreted withgreat care,because the sonicated
Table 7.1 Ratio between mineralization of
stable and total fraction of macro-aggregates
samples yielded highly variable results.Themost
(3-4.8 mm) from three different fields
certain conclusion from Table 7.1 is,that before
differing inmanagement-history, both before
sonication there was no significant difference
and after sonication.
between stable and unstable aggregates form
Field
Ratio Stable/Total
field Int-A, while after sonication a significant
Before sonication After sonication
difference occurred. The results indicate that
sonication stimulated mineralisation more in
Conv-B
1.82
3.70
stable aggregates than in the total fraction.
Conv-A
1.25
1.35
Int-A
1.06
1.39
Because sonication destroys bonds between clay
particles and between clay particles and organic
matter, the stimulation of mineralisation by sonication is probably due to liberation of
physically protected organic matter. This indicates that physical protection of organic
materials played a larger role in stable than in unstable aggregates.
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Discussion
We are interested in the role of earthworms in aggregate formation and organic matter
decomposition. The fields studied in this experiment differed in past and present organic
management, and in earthworm numbers. Organic amendment in itself can also influence
aggregate formation and stabilisation. As earthworm numbers are associated with organic
management, it will always be difficult to separate the influence of earthworms from
changes induced by organic matter levels alone in field experiments. However, some
tentative conclusions about earthworm influences can be drawn from our data.
In all fields, regardless of the presence of earthworms, stable aggregates occurred that
were enriched in organic C content. However, under integrated management, where
earthworm density was highest, stable aggregates not only were more abundant, but also
had higher C content than in the other two fields, leading to a higher proportion of the C
included in stable aggregates. The differences between the two fields onBlock Awere due
to only 5 years of different organic management, while 35 years of management history
separated Block A and Block B before the 5 years of identical management. Still, the
organic matter content of stable aggregates from Int-A was significantly higher than that
from both conventional fields and earthworm numbers differed widely between Int-A and
Conv-A. Higher organic matter inputs by itself could also lead to enhanced aggregate
stability, but we would not expect a change in organic matter content in stable aggregates.
It seems likely that earthworms play an important role in increasing the organic matter
content of stable aggregates. In the field study of Beare et al. (1994b) stable aggregates in
a no-tillage field (NT) were also higher inorganic matter content thanthose inconventional
tilled fields (CT), while earthworm populations too were much higher in NT than in CT
(Parmelee et al. 1990). The organic matter input was the same in both tillage systems.
Organic matter was better protected against mineralisation in stable than in unstable
aggregates, as was indicated by the effects of ultra-sonication. Surprisingly, without
sonication, we found higher mineralisation per unit of C in stable than in unstable
aggregates. To exclude effects on mineralisation due to mean aggregate size (that might
differ between field), we had ground the aggregates to uniform size. The fact that stable
aggregates from all fields resembled each other so much in decomposability may indicate
that decomposability is related more to aggregate stability than total C-content. The stable
aggregates from both tillage treatments of the study of Beare et al. (1994a and b) also had
exactly the same decomposability per unit of C when size effects were excluded by
grinding.
Unlike unstable aggregates from theothertwofields,unstable aggregates from field Int-A
had the sameC-decomposability asstable aggregates. Wesuggest the following explanation
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for the observations on different C-mineralisation rates over different fractions. Unstable
aggregates can be considered to be derived in part from stable aggregates by partial
decomposition of certain organic matter, whereby the decomposability of the remaining
organic matter is reduced. If few stable aggregates are formed, or if stable aggregates
quickly lose their stability, unstable and stable aggregates will differ relatively more in
decomposability of organic C. Thus, in Int-A probably stable aggregates are formed at a
higher rate, or persist longer, as indicated by the small differences in decomposability of
the C. If this mechanism would be valid, this would imply that the turnover time of
aggregates and the soil organic matter contained inthem isinfluenced bythe management,
presumably through earthworm activity.
For further evidence of the impact of earthworms on the distribution of carbon and the
stability of aggregates in soils earthworm manipulation studies are very instructive. The
same trends in C-enrichment inthe stable macro-aggregate fraction as found in the present
study were observed in the earthworm manipulation study described by Blair et al. (in
press). The effects could only be attributed to earthworm activity (Ketterings et al. 1993).
The results from our study shows that combining aggregate separation, organic C
measurements and mineralisation studies, forms auseful methodology to apply inthis type
of experiments.
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Chapter 8

Introduction
The earliest record on the positive influence of earthworms on soil I came across was
written byGilbert White, inhisletter tothe honourable Daines Barrington onMay 20, 1770
(White 1789). Since that time, Darwin (1881) referred to earthworms as the plough of
nature. A special symposium on earthworm ecology was first organised in Grange over
Sands in 1981. Interest in the role of earthworms in agriculture is still increasing all over
the world (Germany: Becher and Kainz 1983;Joschko et al. 1989, Denmark: Christensen
et al. 1987, Australia: Baker et al. 1992, France: Fayolle et al. 1994). The Swedish Arable
Land Project (1980-1986) included a study on the role of earthworms in nutrient cycling
(Boström 1988).Anearthworm manipulation experiment considering theroleof earthworms
for nutrient cycling andorganic matter dynamics inthree different types of agro-ecosystems
still continues (Blair et al, in press, Bohlen et al, 1994, Ketterings et al, in press). In the
Horse-Shoe Bend tillage experiment, the role of earthworms in nutrient cycling has also
been investigated (Hendrix et al. 1987; Parmelee et al. 1990).
Most studies on earthworm ecology start in the field, describing population densities in
a range of treatments, or tracking population development (Boström 1988; Lofs-Holmin
1982a). Avery extensive study of population dynamics was performed in a German forest
(Judas 1989; Scheu 1990). With the field studies, understanding of the factors that
determine population growth increases, bytheuse of elaborative multifactorial analysis and
ordination techniques. However, quantitative knowledge of the influence of environmental
factors on population growth is still scarce. Only few laboratory studies on those relations
withotherspecies thanEiseniafetida exist (Boström 1988;Daniel 1992;Lofs-Holmin 1980,
1982b). Problems with laboratory studies on soil inhabiting earthworms often arise because
it is difficult to keep them confined in pots without upsetting their natural behaviour.
Special emphasis on techniques to enable laboratory studies is needed. Modelling will be
a rewarding approach in the further development of our understanding of population
dynamics. The first steps were taken by Martin and Lavelle (1992) for tropical earthworms
and by Daniel (1992) for the temperate area species L. terrestris. In order to asses the
effects of toxicants on earthworms at the population level, a series of simple models is
being developed at the IBN-Arnhem with promising results (e.g. Klok et al., in press). In
this thesis, earthworm ecology formed only part of the interest, so we could not invest in
large laboratory studies. Thereabove, because dataon actual earthworm numbers were also
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needed to relate them to soil characteristics of the field, I also opted the field samplingstatistical analysis approach.
The emphasis on the influence of earthworms on field aggregates, as described in this
thesis, is relatively rare in aggregate research. Most studies about aggregate formation do
not consider the effects of earthworms. The work of Shipitalo and Protz (1988 and 1989)
is confined to laboratory, notfield,experiments with earthworms. Basic work on aggregate
formation theories are the papers of Tisdall and Oades (1982) and Oades (1984). The first
to use this theory and apply it to soil organic matter dynamics was Elliott (1986) in his
paper on native grassland and arable fields. Also in his model of aggregate dynamics the
role of soil fauna remains unmentioned. Recently the relation between aggregates and soil
organic matter received due attention inthe Horse Shoe Bend sites (Beare et al. 1994a and
b), but, again, the role of soil organisms in these processes is only briefly mentioned.
In this chapter first data on influences of management practice on earthworm populations
are discussed. Then the focus will switch to aggregate formation and stabilisation by
earthworms. As a conclusion, a hypothetical outline of the causal links between aggregate
dynamics and organic matter turnover, which explains why earthworms are so important
to organic matter dynamics.
Earthwormpopulations and management practice
Ingeneral, relatively high numbers were found inthe integrated fields (chapter 3).Atthe
start of the new management earthworms had just colonised the whole experimental Ablock (with the former organic matter rich management) (chapter 2.1). It seems therefore
logically to assume that their densities then were probably the same all over the A-block.
However, after 5 years of conventional management on the A-block earthworm numbers
were much lower than those in the integrated fields (chapter 4).Probably, earthworms had
declined by a combination of pesticide effects and lower organic matter inputs.
Of the pesticides, especially fumigants against nematodes are very deleterious for
earthworms (Edwards andLofty 1978;Marinissen, unpresults). Thetwoconventional fields
weretreated withnematicides twotimes duringthefirstfiveyears ofnewmanagement. The
effect of fumigation may partly have been indirect, through reductions of population
densities of other soil fauna, especially protozoa (Bloem et al. 1994; Bouwman and Zwart
1994), which are considered important food for earthworms (Miles 1963; Rouelle 1983).
Thetotal inputs of organic matter, which consisted ofmanure and crop remains, were not
extremely different between 'conventional' and 'integrated' management. C-inputs were
estimated to be 6200 kg C per ha in the conventional fields during the 1988-1991 crop
rotation cycle and 9510 kg C per ha in the integrated fields in the same period (Van
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Faassen and Lebbink 1994).Thedifferences inorganic Ninputs weremuch larger: addition
of organic N to the integrated were twice those to the conventional fields (456 against 290
kg N per ha) (Van Faassen and Lebbink 1994). Earthworms use part of the fresh organic
input directly for food, and the higher nutritious value of the organic matter input in the
integrated field may have increased their food availability. Their food may also have been
increased because inputs of well palatable organics provide a higher growth of microbes
and protozoa. Microbial biomass was 1.5 times higher in integrated fields on the A-block
than in conventional fields on the B-block, but this difference was not statistically
significant (Bloem et al. 1994). However, protozoan biomass was significantly higher in
IntA than in ConvB (Bloem et al. 1994). It thus seems reasonable to assume that food
conditions were (much) better in integrated than in conventionally managed fields. The
growth rateof earthworms isstrongly influenced byfood quality and quantity (Bostrómand
Lofs-Holmin 1986; Lavelle et al. 1989; Shipitalo et al. 1988). Klok et al. (in press) found
in a model study that the rate of growth in thejuvenile stage is the most important factor
determining population growth. If environmental stress strongly retards juvenile growth,
juveniles will fail to reach the reproductive phase. In almost all samplings, juveniles were
the most numerous component of the population (chapter 3).
Itis doubtful that earthworms have benefitted greatly from the reduction in tillage depth
inthe integrated fields. Thespecies present inthefieldsarenotvery sensitive totillage, and
might even benefit from the larger amount of incorporated food (Edwards and Lofty 1982).
The earthworm fauna inthe integrated fields, though present in high numbers, is, however,
ecologically incomplete: anecic species such as Aporrectodea longa and Lumbricus
terrestrisaremissing. Thereason for theabsence ofanecic species intheLovinkhoeve soils
is their low growth rate potential under the ambient tillage and food conditions.
Conventionally tilled arable land is unfavourable for anecic species because the inversion
tillage (1) incorporates their food (litter present at the soil surface) into the soil, it (2)
scatters their underground food stores and (3)destroys their permanent living burrows. The
low food inputs and high level of disturbance reduce growth rate, which is an important
parameter determining colonisation success (chapter 2.2). If grassland with anecic species
is ploughed, they might survive for alonger time, but population densities will be prone to
decline. In a former grassland plot at the Lovinkhoeve, A. longa was still present after 5
years of conventional arable farming, but at low numbers (chapter 2.1). An earthworm
manipulation experiment at Ohio State University was laid in a field with originally high
earthworm density, including large numbers of anecics (Ketterings et al. in press, Bohlen
et al. 1994). After 3 years of conventional tillage, quite a number of L. terrestris had
survived (Bohlen et al. 1994). The survival of anecic species might be improved with
reduced tillage, especially non-inversion tillage or no-tillage (Parmelee et al. 1990), which
would leave much organic debris atthe soil surface. However, inDutch crop rotations also
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practised in the Lovinkhoeve experiment, potatoes and sugar beets are cropped every four
years. These crops necessarily involve severe physical disturbance of the soil, and thus the
destruction of anecic burrows.
Amajor conclusion from this thesis is,that management canvery quickly affect earthworm
population size: reductions can occur within a few years of adverse management (chapter
4), while adding manure can lead to very high populations within one wet year in the
absence of soil fumigation (chapter 3).Even relatively small negative effects of agricultural
management on earthworm populations can lead to strong reductions in earthworm
numbers, because they may be supplemented by adverse weather conditions. E.g. if a
summer drought has decimated population, as happened in 1986 (chapter 3), and the
survivors are successively killed by tillage operations inthe following autumn, populations
can be decimated easily.
Earthworms andgeneral aspects of soil structure of theLovinkhoeve Farm
The 35 years of different organic matter treatment have led tomorphological differences
in soil structure of the top layers of the two different blocks of the Lovinkhoeve. The
different top soil structures caused differences inphysical characteristics asmeasured under
standardised conditions in the laboratory (De Vos et al. 1994). That earthworms were for
alarge part responsible for these differences can be deducted from the micromorphological
study of Boersma and Kooistra (1994). At the start of the new management, the total
porosity of the top soil of the organically manured A-block was 6.4 % as compared to 4.1
% in the inorganically fertilised B-block which had never received manure (Kooistra et al.
1989). Since then, in the Int-Afield soil faunal macroporosity (of which earthworms were
an important part) increased over the years (Boersma and Kooistra 1994), and had not yet
reached a steady state in 1990, while in Conv-B much less changes occurred. This is in
accordance with the findings in this thesis that earthworm populations still tended to
increase in the Int-A field.
Root growth was also affected by the type of macropore structure present in the fields.
In the conventional system roots tended to make their own pores, as shown by the higher
root-soil contact, while they more often used existing pores in the integrated system (Van
Noordwijk et al. 1993). In soils with high soil-root contact oxygen supply can become
limiting under wet conditions, while water and nutrient uptake can become limiting for
roots following existing pores (De Willigen and Van Noordwijk 1989). In the specific
Lovinkhoeve situation where excess water is more often a problem than drought (De Vos
et al. 1994), earthworm may have improved conditions for root growth through the
formation of continuous macro-pores.
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Earthworms and soil aggregates
Slaking was considered apotential stability problem ofthesilty soils oftheLovinkhoeve.
Furthermore, slaking is an aspect of stability that can be influenced by differences in
organic matter amendments. For the experiments described in this thesis therefore the wet
sieving method was selected to elucidate developments in aggregate stability following the
changes in agricultural management systems. In case of experiments with only small
amounts of samples, dispersion measurements were made. The two types of aggregate
stability measurements are closely linked (Pojasok and Kay 1990). Because of the size of
their casts, earthworms should influence mainly aggregates larger than 2 mm. Therefore,
this size class interested me the most. To make specific measurements on the macroaggregates, Iwet sieved size fractions ofthe soil thatwere first obtained by dry-sieving the
whole soil. In this way, stability data refer to that part of the soil, that is most likely
influenced by earthworms. Itis animportant part ofthe soil because macro-aggregates play
a major role in determining seed-bed quality (Braunack and Dexter 1989).
This thesis, supported by literature data, clearly shows that earthworms indeed influence
soil aggregate stability of the macro-aggregate size. Fresh earthworm casts, however, are
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Fig. 8.1 Aggregate stability and earthworm numbers in fields of the A-block (former organic management from
the Lovinkhoeve (The Netherlands) CONV = Conventional management INT = Integrated management
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veryunstable (chapter 5and 6, Shipitalo andProtz 1988).During ageing they become more
stable, but drying improves the stability most (Chapter 5, Shipitalo and Protz 1988). After
air-drying, earthworm casts are much more stable than field aggregates. The link between
earthworm populations and aggregate stability is illustrated by Fig. 8.1 (after data from
chapter 4).Ketterings et al. (inpress) sampled an earthworm manipulation experiment, and
already found an influence of manipulation treatments on aggregate stability one year after
thestartofthe experiment: aggregate stability was lowest infields withreduced earthworm
numbers and higher in fields with ambient and increased earthworm numbers (Fig. 8.2).
This strongly indicates a causal link between actual earthworm activity and aggregate
stability. The short life-time expectancy of stable aggregates (in the order of months)
indicates that earthworm activity mustbemaintained athigh levels tosustain high aggregate
stability.

reduction

unaltered
TREATMENT

addition

Fig. 8.2 Stability of aggregates 4-10 mm in fields with manipulated earthworm numbers.
(From Ketterings et al., in press.)

In the Lovinkhoeve fields, aggregate stability was not increased enough by earthworms to
prevent slaking completely. Soil crusting occurred in both fields, but was never so severe
that seedling emergence was hampered. The effects of stable casts produced at the surface
is counteracted by the practice of inversion tillage. In wet years, the lack of drying of the
surface casts can also play arole, because wet casts are less stable than uningested surface
aggregates. However, general stability conditions are still improving in the Lovinkhoeve:
in 1985 in both conventional and integrated fields, continuous pores were blocked to the
same amount by infillings of surface soils (Kooistra et al. 1989), but in 1987 and in 1990
much less internal slaking occurred inInt than in Conv (Boersma and Kooistra 1994). This
might well be related to the increasing trend in earthworm populations in IntA.
126

Chapter8
Earthworms could also have a long-term influence on soil structure stability. A method to
evaluate such stability is the determination of the LPL (Lower Plastic Limit according to
Atterberg). The LPL did notvary over the season and is clearly amore invariant parameter
than aggregate stability as determined by wet-sieving (chapter 4). In long-term studies of
soil structure development, it is difficult to separate the effects of earthworms from those
of organic matter. Soils with high organic matter inputs harbour large earthworm
populations, and have higher organic matter contents than soils with low inputs. The
organic matter content for different arablefieldsoftheLovinkhoeve was related tothe LPL
(chapter 4), but not to actual earthworm numbers. Actual earthworm density is not agood
indicator of the total possible influence of earthworm activity on LPL, if simply because
it is not even a good indicator of earthworm numbers in the recent past. In a series of old
grassland soils in polders varying in age between 150 and 700 years LPL of
macroaggregates was also only related to %C and not to age or earthworm numbers
(Marinissen et al., manuscript). Thin section analysis indicated however, that earthworm
activity was the main process responsible for the formation of Al-horizons and soil
aggregates by mixing of soil material and organics.
Earthworms and soil organic matter dynamics
Itisgenerally accepted that excrements of soil fauna potentially influence organic matter
turnover (Martin and Marinissen 1993). Inthis paragraph the specific mechanism bywhich
earthworms influence organic matter turnover will be addressed, using the theory of
aggregate formation developed byOades (1984) andElliott and Coleman (1988) and further
illustrated by Beare et al. (1994b). These authors did not consider the role of earthworms
in the process. However, I think that for the Lovinkhoeve situation and for the experiment
described by Beare et al. earthworms are the main agents that initialise the aggregation
processes. The aggregation processes as influenced by earthworm activity presumably lead
to increased C-retention capacity of soils.
According toTisdall and Oades (1982), smaller particles areheld together toform macroaggregates bytemporary (roots and fungal hyphae) and transient (polysaccharides) binding
agents. Oades (1984) and Elliott and Coleman (1988) postulated that conditions within
macro-aggregates are favourable for the formation of new micro-aggregates. The organic
particles could become coated by bacterial mucigels and during ageing become more and
more encrusted by clay particles, andthusbecome less available for microbial attack. Beare
etal. (1994b) indeed gave some strong indications, that inthe no-tillage (NT) soil with high
aggregate stability and many macro-aggregates, more micro-aggregates of the 106-250 urn
were formed, that contained relatively unprocessed organic material, than in the
conventional tilled (CT) soil. My hypothesis is that earthworm activity offers ideal
conditions for the processes of macro- and micro-aggregate formation.
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First, the macro-aggregates formed by earthworm activity are enriched in organic debris
in a form that could act as temporary binding agents, as described by Shipitalo and Protz
(1988 and 1989). Earthworms process large amounts of soil and particulate matter: in a
study by Parmelee et al. (1990) the suppression of earthworm by carbofuran resulted in
higher standing stocks ofunprocessed particulate organic matter inthe no-tillage treatment.
Theorganic matter oftheconventional tillagetreatment wasmuch lessaffected, presumably
because earthworm numbers already were much lower before carbofuran application. Also
inthe Lovinkhoeve soil the macro-aggregates had a higher C-content inthe integrated soil
(chapter 7). This relative enrichment would notbe expected if aggregates would be formed
by the same mechanisms (not involving earthworms) in all fields, so we concluded that
earthworms caused this increase in C. Also Ketterings et al. (in press) found enhanced
incorporation oforganic matter intothestable aggregates fraction with increased earthworm
activity.
The second step inthe aggregation process that is stimulated by earthworm activity isthe
formation of new micro-aggregates within casts. This happens when the fragments that
connect different parts within the macro-aggregate decompose at their surface, so that a
mucigel of polysaccharides is formed, to which clay particles can adhere. Anaerobic
conditions will further enhance the stabilisation of the new micro-aggregates. As shown in
chapter 6, in fresh wet earthworm casts all conditions for such micro-aggregate formation
are met: microbial activity is high, and at least part of the clay present is able to move and
rearrange around the decomposing fragments. Anaerobic conditions are likely to occur in
macro-aggregates (Tiedje, cited by Elliott and Coleman 1988). Rappoldt and Marinissen
(unpub results) found that in fresh casts of Aporrectodea caliginosa anaerobic conditions
developed if casts had a radius larger than 2 to 3 mm.
Ample evidence for the aggregate formation processes in earthworm amended macroaggregates canbe derived from acombination oftheresults of chapter 7and those of Beare
et al. (1994a and b). In chapter 7, in crushed stable macro-aggregates from all fields the
same amounts of C per g C initially present were mineralised. I hypothesise, following
Elliott (1986), that this is because it is exactly the same type of material, namely the
organic particles that serve astemporary binding agents. Ifthe mineralisation data of Beare
et al (1994a) are expressed per unit of C originally present (Bearé et al. 1994b), also their
crushed (wet-sieving) >2mm stable aggregates from both no-tillage (NT) and conventional
tillage (CT) treatments decomposed at exactly the same rate. Their way of sampling stable
aggregates by wet sieving closely resembled our methods, so I think these are very
comparable results. Therefore, in both studies, stability of aggregates is linked tothe same
type of material, even in fields with no or reduced earthworm numbers. However, in both
studies, much more stable aggregates occurred inthe fields highest in earthworm numbers.
Also, stable aggregates formed by earthworms differed in characteristics from stable
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aggregates formed otherwise, because more micro-aggregates are formed inside these
earthworm amended macro-aggregates. This explains why in the fields of Beare et al.,
decomposition was much lower in intact than in crushed macro-aggregates of NT (high
earthworm numbers). However, because no suchmicro-aggregates were present in CT (low
earthworm numbers) decomposition between crushed and intact aggregates of CT was the
same. Crushing can very well be thought to break the aggregates along the organic
fragments. In this way, crushing will expose also the fragments in newly formed microaggregates in the NT macro-aggregates to decomposition. The presence of newly formed
micro-aggregates also explains why the stable aggregates sampled bywet sieving from the
NT had lower dispersion than those from CT.
At the Lovinkhoeve, we didnot measure decomposition inintact aggregates, nor did we
assess the dispersion-index of stable aggregates. However, in our experiments, the effect
of sonication was most pronounced in stable aggregates from int-A. Before sonication, no
significant differences between mineralisation in stable and unstable aggregates occurred.
After sonication, stable aggregates from IntA mineralised more than unstable aggregates
(chapter 7).
Beare etal. (1994b) found thatthe micro-aggregate formation, which tomypointof view
should be ascribed to favourable conditions in earthworm casts, led to high organic matter
retention capacity in NT. Also in the Lovinkhoeve soil earthworm activity led to higher
retention capacity inthe soil. Inthe Conv-Afields,where earthworm numbers had declined
strongly since 1985, organic matter content of the soil decreased remarkably, even though
theannual C-addition was only slightly
organic matter (%)
lower than in field Int-A (Fig. 8.3).
Earthworm-formed stable aggregates
may persist longer than those formed
by other aggregation processes, but in
temperate areas they certainly do not
persist much longer than afew months.
Aggregate stability soon declines when
earthworm numbers are reduced.
Because it is unlikely that earthworms
would affect the stability of aggregates
Fig. 8.3 Organic matter dynamics over 25 years at
after they have been formed, the
Lovinkhoeve experimental farm
decline of an individual aggregate will
also take place in the presence of earthworms, even though they continuously form new
aggregates. The material not yet protected in newly formed micro-aggregates becomes
available for mineralisation when amacro-aggregate falls apart. Stablemicro-aggregates are
mainly reported tocontain highly processed material (Elliott 1986),while micro-aggregates
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formed in earthworm casts seem to contain less processed organics. Ifthe micro-aggregates
formed within casts would have a shorter turnover time than other micro-aggregates, this
might explain the higher mineralisation rates per unit of C from grasslands that are
ploughed than from permanent arable land, or from Int-Awhen compared to Conv-A (Van
Faassen and Lebbink 1994).
The process of aggregate formation and stabilisation can also take place without
earthworms. Thefield situation that inspired Elliott tohistheory was situated in arelatively
dry area, where earthworms will not occur in high numbers. The relatively strong dry-wet
cycles that prevail in those grasslands might act in the same way. Also, micro-arthropods
might play a role in micro-aggregate formation in those soils (Brussaard and Juma, in
press). However, my conviction is that when earthworms are present in the high numbers
as reported in this thesis and in Parmelee et al. (1990), they quantitatively are far the most
important motor behind the processes of aggregate formation and stabilisation, and
subsequently organic matter retention.
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Samenvatting en conclusies
Regenwormen kunnen qua biomassa een belangrijke component van het bodemleven
vormen. Als zij aanwezig zijn, leveren zij een belangrijke bijdrage aan de vorming van de
bodemstructuur en aan de dynamiek van organische stof omzettingen. In natuurlijke
systemen komen regenwormen vooral voor in relatief nutrient-rijke systemen, waarin ook
aan hun eisen wat betreft vochtvoorziening wordt voldaan. Inrijke ecosystemen is ook het
strooisel van eengoede kwaliteit, eenbelangrijke eisdiewormen aanhunomgeving stellen.
Juist de rijkere bodems zijn vaak in gebruik als landbouwgrond, en regenwormen kunnen
dan ook in principe een belangrijke rol in agro-ecosystemen spelen. Er zijn echter veel
factoren, zoals grondbewerking, gebruik van pesticiden en het toevoegen van veel ofjuist
weinig voedingsstoffen in organische vorm, die de groeimogelijkheden van regenwormen
kunnen beïnvloeden. Vanuit landbouwkundig oogpunt is inzicht in het functioneren van
saprotrofe voedselwebben belangrijk om te kunnen komen tot optimaliseren van
mineralisatie-processen. Daarom werd op de Lovinkhoeve te Marknesse het 'Dutch
Programme on Soil Ecology of Arable Farming Systems' opgestart. Een van de
deelprojecten, waarover in deze thesis verslag word gedaan, had als eerste doel om de
invloed van landbouwkundige ingrepen op regenworm populaties vast te stellen, maar
daarnaast was ook informatie gewenst over de rol die regenwormen spelen in de
bodemstructuurvorming en de afbraak van organische stof.
Het Lovinkhoeve project was opgezet als een vergelijking tussen twee
landbouwsystemen: een 'conventioneel' en een zogenaamd 'geintegreerd' systeem. Het
geïntegreerde systeem beoogde biologische principes te integreren in een verder
conventionele bedrijfsvoering. Beide systemen bestonden uit een 4-jarige rotatie van
suikerbiet, zomergerst, aardappelen en wintertarwe. In het geïntegreerde systeem werd
gestreefd naar een zelfde verhouding tussen kosten en opbrengst als in het conventionele
systeem, maar bij een lagere nutriënten input. Er werd geen gebruik gemaakt van
grondontsmetting, het herbiciden-gebruik was gereduceerd en de grondbewerkings diepte
was 15cm inplaats van de gebruikelijke 25cm. Denutriënten werden ingeintegreerd voor
een groter deel dan in gangbaar inorganische vorm toegevoegd. Detwee systemen werden
uitgelegd op een oude proef, waarbij een deel al 35 jaar bij een overigens gelijke
bedrijfsvoering veel meer organische bemesting had ontvangen dan deandere helft. Delayout van de proef leverde vier combinaties van oud en nieuw management op. Naast het
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management-experiment waren op de Lovinkhoeve nog andere proefvelden aanwezig,
waarin steeds een enkel aspect van het management, zoals de grondbewerking of de
bemestingsvorm al enige jaren verschillend was.
Regenwormen zijn relatief langzame dieren, zowel in hun voortbeweging als in hun groei
en voortplanting. Dit betekent, dat verstoringen een grote invloed kunnen hebben op hun
populatie-omvang, omdat er tijd nodig is voor herstel door hergroei van de populatie uit
individuen die de verstoring overleefd hebben. Als er tijdens die hergroei nieuwe
calamiteiten optreden, kan binnen een paar maanden de populatie tot bijna nul zijn
gereduceerd.
Niet alleen reproduktie, maar ook herkolonisatie vanuit ongestoorde gebieden kan
bijdragen tot het herstel van populaties. Gezien de lage snelheid van verplaatsen spelen bij
(her)kolonisatie passieve verspreidingsmechanismen van wormen een belangrijke rol. Dit
bleek uit onderzoek, waarbij metbehulp vanindebodem gebrachtte kraaltjes een schatting
werd gemaakt van de passieve verspreiding van regenwormen kokons via grond aan
tractorwielen. Depassieve verspreiding had een grote positieve invloed op de snelheid van
koloniseren door regenwormen. Een bevestiging van dit passieve mechanisme werd
gevonden in het versreidingspatroon na 1 jaar kolonisatie van wormen vauit het organisch
stof-rijke deel van de Lovinkhoeve, naar het organische stof arme deel van de proef waar
geintegreerd management had geleid tot betere condities voor wormen. In de rijsporen van
de tractoren was de verspreiding verder gevorderd dan tussen de sporen, en de nieuwe
populatie bestond alleen uitjuvenielen en kokons.
Voorhet succes vandekolonisatie zijn nietalleenverspreidingsmechanismen vanbelang,
maar ook de groeicondities voor wormen. Dit werd duidelijk uit modelonderzoek. De
parameters die van belang waren bij kolonisatie waren leeftijds karakteristiek van de
voortplanting en overleving van de soort. Doordat goede voedselcondities en weinig
verstoringen binnen kortere tijd tot een hogere coconproductie leiden, kan de organische
stoftoevoer van grote invloed zijn op de kolonisatie mogelijkheden van regenwormen. Dit
bleek onder andere uithet ontbreken vanregenwormen inhet organische stof arme deel van
het Lovinkhoeve experiment, waar wormen waarschijnlijk niet hadden kunnen coloniseren
door de slechte voedselcondities.
De resultaten van veldbemonsteringen op de Lovinkhoeve wezen op een grote invloed
van het landbouwsysteem op regenworm populaties. Al een klein aantal jaren na het
instellen van conventioneel management de aanwezige regenwormpopulaties bijna geheel
verdwenen waren. De invloed van de grondontsmetting tegen nematoden werd als
belangrijke oorzaak gezien.Daarnaast speelde waarschijnlijk ookdevoedselvoorziening van
de regenwormen een rol. In het conventionele systeem was de kwaliteit van de organische
stoffen diewerden toegevoegd slechter omdat zeminder stikstof bevatten. Dit directe effect
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opregenwormen werd mogelijk nog versterkt doordat ingeintegreerd grotere populatiesvan
microben enprotozoen voorkwamen, die eenbelangrijke voedselbron voor regenwormen
vormen. De diepere grondbewerking in conventioneel speelde waarschijnlijk een minder
belangrijke rol in de reductie van de regenworm populaties, aangezien de akkers een
ecologisch gezien onvolledige groep vormden. De soorten die aanwezig waren,
voornamelijk Aporrectodea caliginosa, Lumbricus rubellus en in mindere mate
Aporrectodea rosea, zijn niet zo gevoelig voor ploegen. Ze leven in de bovenste
bodemlagen, envinden hunvoedsel gedeeltelijk indebodem. Door hetploegen kunnen ze
wel beschadigen, maar datlotbleek maar ongeveer eenkwart vandepopulatie te treffen,
en daarvan zoueendeel nogkunnen herstellen vanhunverwondingen. Hetploegen brengt
meer organische resten indebodem, watweer eenstimulans voor deze wormsoorten zou
kunnen zijn. De soorten die ontbraken zijn zogenaamde anecique wormen, die diepe
permanente gangen graven enhunvoedsel zoeken ophetbodemoppervlak. Deze wormen
kunnen alleen goed leven als grondbewerking geheel ontbreekt, iets wat in rotaties met
aardappelen en suikerbieten onmogelijk is.
Naast demenselijke ingrepen spelen inagro-ecosystemen ooknatuurlijke stressfactoren
een rol, zoals droogte tijdens zomermaanden of vorstperioden in de winter. Ook deze
factoren speelden eenrolindelevenscyclus vanderegenwormen indeLovinkhoeve, zoals
bleek uit een canonische ordinatie analyse van de veldgegevens. De twee belangrijkste
soorten bleken eenverschillende levensstategie tehebben.InwinterstrektA. caliginosaveel
meer danL. rubellusnaar diepere bodemlagen. L.rubellusadulten enjuvenielen overleven
strenge winters danminder goed danA. caliginosa,maar derelatief grote afzet vancocons
steltdeoverleving zeker. Inhetvoorjaar komen eerst dejuveniele A.caliginosanaar boven,
en dande adulten, dievandieper komen. A. caliginosa overleeft droge zomers ook beter
dan L. rubellus.
De regenwormen hadden invloed op verschillende aspecten van de bodemstructuur. De
stabiliteit vanmacro-aggregaten wasgerelateerd aandeactuele regenworm activiteit. Zodra
de regenwormen uit het systeem verdwijnen, neemt de aggregaatstabiliteit snel af. De
stabiliteit inmacro-aggregaten wordtveroorzaakt doordeaanwezigheid vankleine partikels
organische stof, diedesamenstellende deeltjes binnen hetaggregaat bij elkaar houden. De
stabiele aggregaten zijn daardoor rijker aanorganische stof danniet-stabiele aggregaten.De
organische stof in stabiele aggregaten is in principe goed afbreekbaar, en daardoor isde
levensduur van stabiele aggregaten danookbeperkt. Stabiele aggregaten komen ookvoor
zonder de tussenkomst van wormen. Echter, bij aanwezigheid van wormen worden veel
meer stabiele aggregaten gevormd danzonder wormen. Hierdoor wordt eengroter deelvan
de in de bodem aanwezige organische stof geconcentreerd in stabiele macro-aggregaten.
Deze opslag biedteenzekere bescherming aandeorganische stof, omdat erzuurstof gebrek
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in het aggregaat kan optreden. De stabiele aggregaten die door wormen worden gevormd
beschermen de erin opgeslagen organische stof echter sterker dan op andere wijze ontstane
stabiele aggregaten. Door hethoge vochtgehalte vanverse wormexcrementen, in combinatie
met de hoge microbiele activiteit wordt devorming van micro-aggregaten bevorderd. In de
micro-aggregaten wordt de organische stof beschermd door een kleilaagje. Door de
aanwezigheid van de micro-aggregaten blijven door wormen gevormde macro-aggregaten
waarschijnlijk langer intact, maar zelfs als ze uit elkaar vallen vormen de overblijvende
micro-aggregaten nog steeds eenbescherming tegen afbraak. Hierdoor iseengrondmetveel
wormen beter in staat om de toegevoegde organische stof in de bodem vast te houden. De
organische stof die opgeslagen zit is echter van een goede kwaliteit, en heeft dus bij
vrijkomen een goed mineralisatie-potentieel.
De resultaten van dit proefschrift wijzen erop, dat, inbodems waar ze voorkomen, wormen
de belangrijkste factor zijn in de capaciteit van de bodem om organische stof vast te
houden. Ook de gevoeligheid voor verslemping is in het algemeen veel lager in
aanwezigheid van wormen. Dit leidt tot betere zaaibedcondities en een afname van het
aantal macro-porien dat verstopt raakt door intern transport van klei. Voor de instandhouding van het organische stofniveau en stabiliteit is blijvende activiteit van de
regenwormen nodig. Aangezien het mogelijk is, om met landbouwkundige ingrepen zoals
bv grondontsmetting de wormenpopulatie uit te roeien of te reduceren, dienen dergelijke
maatregelen alleen met grote zorgvuldigheid te worden toegepast.
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Het proefschrift is af! Daarmee is detijd gekomen om ook al degenen die direct of indirect
hebben bijgedragen aan detotstandkoming ervan, nog eens te bedanken en in het zonnetje
te zetten.
Om bij het prilste begin te beginnen: de basis van dit proefschrift is gelegd door mijn
ouders. Hun meest kenmerkende vraag aan het eind van de middelbare school was "Wat
ga je studeren", niet "Wat wil je worden". Pa en Ma, ik wil jullie danken voor mijn
opvoeding, die mij kritisch envolhoudend genoeg heeft gemaakt om ditproefschrift toteen
goed einde te brengen, en voor de support tijdens woelige tijden van mijn studie. Vooral
destapels voedsel en deschone was na eenweekend betekende eenwaardevolle aanvulling
in natura van mijn krappe budget.
Henk, jou wil ik bedanken voor de grote steun en toeverlaat dieje altijd geweest bent.
Als geen ander konjij mij opgang houden met soms hardhandige woorden, maar altijd kon
ik de liefde erachter voelen. Dank voor je lessen in zakelijke benadering van problemen,
ondanks de sterk emotionele kant die eraan kan zitten.
Nico, als promotor van het eerste uur, jou wil ik danken voor het vertrouwen datje altijd
inmij hebt gehad èn getoond. Jij was een ijzersterke editor van mijn papers,jij begreep zo
goed als altijd precies wat ikwilde zeggen enwist dan almijn moeizame formuleringen om
te toveren tot een elegante zin. Zonder jou had ik de tijd voor het schrijven niet in goede
geestelijke gezondheid overleefd.
Zonder de praktische steun van Rijndert zou al dit werk nooit gedaan zijn. Hij was niet
alleen een paar werkzame handen erbij, maar wist me ook altijd over de drempel heen te
helpen door de handen uit de mouwen te steken als ik even terugschrok voor de rijstebrij
van werk die ik op me af zag komen.
Wim,jij stond altijd klaarvoor discussie over onderzoek maar ookveleandere prangende
zaken. Vaak was alleen je verbaasde opkijken, als ik de deur van de kamer dichtknalde,
genoeg om me te kalmeren. Als dat niet voldoende was, gafje rustige commentaar op een
andere kant van dezaak me, altijd weer het gevoel van derealiteit terug. Rijndert enWim,
ondanks de afstand die er tussen ons geschapen is doorjullie gedwongen vertrek naar een
andere vakgroep, hoop ik de samenwerking metjullie toch levend te kunnen houden.
Zonder het Lovinkhoeve-project zou dit proefschrift ook heel anders geweest zijn. Lijbert,
jij hebt als degrote motor achter het opzetten van het Lovinkhoeve project gefunctioneerd.
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Natuurlijk verliep alles niet vlekkeloos, maar dat doet niets af aan de grootse prestatie die
je geleverd hebt. Ik ben je dankbaar dat je mij hebt gevraagd om het onderzoek naar
regenwormen te doen. Je commentaar, met name in de afrondingsfase van het proefschrift,
heeft het beste van mijn kunnen boven gehaald.
Meneer Koning heeft mij dedenk- enbeslissingswijze vanboeren bijgebracht. Dank voor
het geduldig aanhoren en beantwoorden van mijn vragenstroom over voor U zo voor de
hand liggende zaken. Mevrouw Koning, ik zal niet gauw uw koffie vergeten en met name
houd ik herinneringen aan hete 'Cup a Soupe' in de schuur.
De vele verhitte discussies op de tochten van en naar de polder voor de managementteam vergaderingen metHans vanVeen, hebben veelwaarde voormij gehad. Hans, ikvind
het tekenend voor je dat je vertrouwen in mijn rijkunst na die bijna fatale manoevre
overeind is gebleven.
Ook devergaderingen van detoenmalige TIB-groep (Trofische Interacties in deBodem)
leverden diepgaande, soms hooglopende disputen, waaruit ik veel inspiratie opdeed, en
ondanks alles steeds sterker overtuigd werd van mijn eigen gelijk.
Op het Biologisch Station Wijster kreeg ik hulp met de populatie-bemonsteringen in de
eerste jaren, en vond ik onderdak en een onvergetelijke sfeer bij de koffie.
Ik denk met plezier terug aan de samenwerking met Els Nijhuis, in de uiterst plezierige
atmosfeer van het toenmalige ITAL.
Frank van den Bosch, jij leerde mij dat wiskunde niet eng is.
Tony Dexter, Malcolm Oades, Jan Ditchfield, Angela Waters, Blair McKenzie and his
wife Susan, theunforgettable RalphFoster andthealways enthusiastic JohnBuckerfield and
his wife, together with the Richardsons and many others made my stay in Australia an
unforgettable period of my life.
Werken met studenten heeft me veel plezier gebracht, voor dit proefschrift hebben met
name Arjan Ovaa, Quirine Ketterings en Saskia Hillenaar een grote rol gespeeld.
The collaboration with John Blair, Patrick Bohlen and Rob Parmelee was pleasant and
very fruitful, and I hope we will continue it in the future.
Collega's van vakgroep, jullie wil ik danken voor de meestentijds zo prettige sfeer. De
manier van omgaan met de strijd tegen debezuinigingen getuigt van eenwarme instelling.
Alle beheerders die ik heb meegemaakt (Fré Schelbergen, Norbert Lukkezen ennu het duo
Toine Jongmans en Joke Cobben) hebben veel gedaan om benodigde financiële regelingen
tetreffen, zodat alles vlot kon verlopen en ervoldoende apparaten waren. De medewerkers
van deadministratie hebben mijvaak bijgestaan mijn andere taken, zoals hetverzorgen van
collegedictaten, teverlichten. Ikwil nogpersoonlijk noemen EdMeijer, voorje uitgebreide
en precieze vragen op werkbesprekingen, Rienk Miedema, voor je voorbeeld van precisie
en eerlijkheid en Toine Jongmans, voor je bloemrijke opfleuring van ons Nederlands.
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Toeval heeft een grote rol gespeeld in mijn loopbaan. Ikwilde voor mijn praktijk naar "het
Noorden", endankzij wijlen profKlompvond ikeen adres inUppsala, waar OlaJennersten,
Anders Berglund, Anne-Maire Wiederholm, Bodil Enoksson and Staffan Ulfstrand helped
me discover the researcher in myself. Thank you all for your stimulating discussions and
projects, in which you gave me the liberty to develop my talents. Prof Klomp is helaas te
vroeg overleden om van mij een echte dieroecoloog te maken.
Herman Eijsackers bracht me op de weg der wormen, alhoewel ik eigenlijk vegetatiekunde wilde doen. Herman, dank voor de adviezen, ook later in mijn carrière. Ik had er
meer moeten opvolgen. Jos Bodt leerde me wormen determineren. In het veld: tuffen op
deworm inje hand; in het lab: alcohol en tellen. Jos, het was een goede basis.
Meneer Kroesbergen leerde me op rustige en geduldige wijze de kneepjes van het vak
bij het omgaan met pF-bakken en meten van luchtdoorlatendheid, porositeit en dergelijke.
Riet ontmoette ik bij de kapper. We bleken de mening te delen dat ook de 'Opzij' daar
zou moeten liggen ter verpozing bij het wachten.Vele lunches volgden op deze discussie,
met onderwerpen variërend van de essentie van het wetenschappelijk bedrijf tot de actuele
problemen van ons onderzoek. Het is Riet die me wees op "Gullivers' Travels" als bron
voor een citaat.
Mijn buren, Lettie en André wil ik danken voor de opvang met een opbeurende babbel,
vaak met borrel en soms zelfs een maaltijd als ik weer eens een woelige periode
doormaakte in mijn werk.
Tineke en haar gezin dank ik voor de prima opvang van Esmé, waardoor ik met een
gerust hart en geconcentreerd kon werken.
Als laatste wil ik Mimi danken voor het vele werk wat ze gedaan heeft aan de lay-out
van dit proefschrift. Mimije hulp was een onmisbare steun.
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"In another apartment. I was highly pleased with a projector
who had found a device of plowing the ground with hogs, to
save the charges of ploughs, cattle and labour. The method
is this: in an acre of ground you bury, at six inches
distances, and eight deep, a quantity of acorns, dates,
chestnuts, and other masts, or vegetables, whereof these
animals are fondest: then you drive six hundred, or more of
them, into the field, where, in a few days, they will root
up the whole ground in search for their food, and make it
fit for sowing: it is true, uponexperiment, they found the
charge and trouble very great, and they had little or no
crop. However, it is not doubted that this invention may be
capable of great improvement."
JonathanSwift: Gulliver's

Travels, a voyage to Laputa, etc.

